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Any slowly varying linear space-variant svstem can, in
principle, be represented holographically by spatially samp-
iing the input plane and multiplexing the respective system
transfer functions. A scheme reported earlier for implement-
ing this technique makes use of phase diffusers in the ref-
erence beam paths to enccde sequentially recorded holograms.
However, to ﬁinimize the cross talk between the holograms upon
playvback the diffusers should have good correlation properties.
in this report extensive computer simulations to evaluate the
correlation properties of a family of binary phase codes are
conducted. An zlternative multiplexing technique in which
the transfer functions are sampled in the Fourier plane to gen-~
erate a composite hologram is also described. In this tech-
nigue the samples of the transfer functions are placed in
nonoverlapping regions and hence there will be no crosstalk
upon playback. However multiple copies of the input function
are required during the playback step. The results of prelim-
inary experiments conducted to evaluate this approach for
svace-variant system representation are presented including
the verification c¢f coherent addition using computer multi-

»lexed nolograms.
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CHAPTER 1

INTRODUCTION

A method for holographically representing any band-
limited space-variant system using a sampling technique
has been described [1,2]. This method requires the se-
quential multiplexing of a number of holograms of the system
transfer functions in a single recording medium. As a
result of this multiplexing, many crosstalk terms are
generated upon playback in addition to the required system
response terms. Several crosstalk suppressing techniques,
using properties such as extinction angle effects of volume
holograms [3], and the correlation properties of phase codes
when used in the reference beam paths (4,5] have been suggested
for implementing this scheme. Experimental results using
ground-glass diffusers and binary amplitude-coded diffusers
have also been reported ([6]. Analytical studies to model
the characteristics of various diffusers have been carried
out [7]. Use of randomly generated binary amplitude diffusers
with computer multiplexed holograms has also been studied [8].
Preliminary studies on diffusers based on the known correla-
tion properties of the Gold codes used in spread spectrum
communication systems have been carried out [9].

The work presented in this report consists mainly of
two parts. In Chapter 2 results of extensive computer
simulations to study the auto and cross-correlation properties

of Gold codes of various lengths under different conditions,

1
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along with the computer simulated outputs when these codes
are used as phase diffusers in multiplex holography are
presented. In Chapters 3 and 4 an alternate method of multi-
plexing the transfer functions using a sampling technique,
along with preliminary experimental results using computer

multiplexed holograms, is presented.

1.1. Sampling Theorem for Space-Variant Systems [1]

The output g(x) of a linear system due to an input £(£) is

given by the superposition integral

S[£(8)]
[ £(&)h(x-g,E)dE (1-1)

g(x)

where S[{*] is the linear system operator. The system line-
spread function h(x-£,£) is the system response to an input

Dirac delta, [10]
h(x-£,8) = S[6(x-8)] (1-2)

Now, Fourier transforming the Egn. (1-1) we obtain

G(fy) = Fyolg(x))

- -]

| £(E)F [h(x,E) lexp(-j2mE,E)dE

FeR LB RGO (1-3)
X

Where v and f, are the frequency variables associated

with £ and x respectively.
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Defining the system's spatial transfer function as
A
3 Hx(fx,E) = Fx[h(x,E)], (1-4) ;
g Equation (1-3) may be rewritten as
? ,
j G(fx) = FE[f(E)Hx(ix.E)] - (1-5)
X
If £(§) and h(x,£) are band-limited in v and have respective
? band widths of 2wf and 2wv, then the total band width of
their product is given by
2w = 2wf + 2wv. (1-6)
]
Then applying the Whittaker-Shannon sampling theorem [11]
to Eqn. (l1-5) we obtain
} 1 . fx
G(f,) = 35 xZ1 £18 VB, (£,,E )exp(-j2mf £ )Rect(5),
(1-7)
where E = = and
1 n 2w ]
p 11 Ixl <172,
Rect (x) = (1-8)
{o, |x| > 1/2.
? Equivalently,
gix) = [ £ h(x-g 2 * Sinc(2m),  (1-9)
where
3 Sinc (f4) = F([Rect (x)].
Thus when the input function f(§) and the line spread func- :
tion h(x,£) are band limited, the output g(x) of the system
$
can be computed exactly by sampling the product of the
3
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functions £(£) and h(x,§) at intervals of 1/2w and passing
the sum of these sampled products through a suitable low pass
filter.

Although Eqn. (1-9) implies a countably infinite number
of samples of the product of the spatially-varying system
response h(x-§,f) and the input function £(§), in practice,
if f&) is essentially zero outside the interval [£|<a and
if the spectrum of £(§)h(x,§) is essentially zero outside
of the interval |v| < w, then the required number of samples
for a good approximation is given by the space-band width

product

N = 4wa. (1-10)

Two possible schemes for implementing this sampled system

representation will be discussed in the following sections.

1l.2. Representation of Space-Variant Systems Using Phase

Coded Reference-Beams

A scheme for coherently representing a space-variant
system using the sampling technigue described in Section
l.1 is shown in Figures (1-1) and (1-2), [4]. During the
recording step the space variant system is sequentially
sampled in the input plane at N points denoted by il through
iN
corresponding reference beam diffuser functions are de-

to generate the spread functions hl through hN' The

noted as r, througa r,. After Fourier transformation by

lenses Ll and L2 thle amplitude transmittance t of the

T T S e s s ciasminubuteith i LY R ARRrS et
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hologram is given by

N 2
t = i£1l(Hi + Ri)l , (1-11)

where Hi and R, are the Fourier transforms of the functions
hi and r, respectively.

During playback the input function £(£) is spatially
sampled at the sample locations of the original reference

array to produce the sampled inputs Slri through SNrN where

Si is the sampled value of the input function at the ith

location. Then the reconstructed wavefront to the right

of the hologram is given by

G (u) = ( 2 SRy ( Z |#, + Ry 12)
i=1 j =1
(1-12)
2 N N
= Z S;Ry IH + R, |+ ] ¥ s.R. B, + R I
: i=1 j=1 373
i#j

The term Ri]Hi + Ril2 may be expanded as

2 _ * *
R, [H, + Ri] = R;R;H; + R/H.H + RiRiH. + RlRlRl .

(1-13)

where * represents the complex conjugate operator.
Out of these components only the term R1R1H1 is diffracted
by the hologram in the direction of the output plane as a

result of the offset in the reference beam path. Hence

the output after Fourier transformation by lens L2 is




given by

N N
r%r ,
* {* i) + i£1 j£1 thj * (ri* rj)

i3 (1-14)

N
g'(x) = J s
i=1

.h,
ivi
where % denotes Correlation and * denotes Convolution.
The desired output g(x) is

)

g(x) = ) s:h, - (1-15)

i=1 * %
Thus for perfect reconstruction of the output g(x) the dif-
fusers in the reference beam path should have the follow-

ing characteristics.

ri(x) % ri(x) § (x) for all i,

(1-16)

ri(x) > rj(x) 0 for all i and j, i#j

This implies that we need a set of codes for the fabrication
of diffusers having delta like autocorrelations and zero q
cross-correlations. However such a set of ideal codes does
not exist. In Chapter 2 the properties of a family of dif-
fuser function derived from a set of codes known as Gold 4

Codes and previously used in spread spectrum communication

systems are studied through a series of computer simulations.

¢
1.3 Representation of Space-Variant Systems Using a Sampled
Input/Sampled Transfer Function Approach
The sampling theorem of Section 1.1 requires the multi- <

plexing of a number of system transfer functions on a single
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hologram, with the capability of independent access to each

of the transfer functions. 1In Section 1.2 a method for
achieving this independent access regquirement by using dif-
fusers in the reference beam paths was discussed. However
when the system line spread function h(x,£) is space limited
in %, an alternate approach in which the transfer functions
are sampled in the frequency plane to multiplex a number

of transfer functions on a single recording medium may be
employed. This is in addition to the sampling in the in-
put plane as required by the sampling theorem of Section
1.1. This technique is described in detail in Chapter 3.
Preliminary experimental results using this method are

presented in Chapter 4.
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CHAPTER 2

4 PHASE CODED REFERENCE BEAM APPROACH

In section 1.2 a previously developed scheme for
representing a space-variant system using phase coded ref-
erence beams was presented. It was also shown [Egn. (1-16)]
that for ideal playback of the system responses the codes
used in the multiplexing step should have delta-like auto-
correlations and zero cross-correlations. In this chapter
the properties of a set of codes known as the Gold codes
are evaluated for use as phase diffusers to multiplex a
number of transfer functions in a single recording medium.
In section 2.1 a method for generating a set of Gold codes
is described. 1In section 2.2 the correlation properties
of the Gold codes of various lengths are evaluated through
a series of computer programs. The output of a system us-
ing the Gold codes for multiplexing the transfer functions
of a space-variant system are also simulated on the com-

% puter.

2.1 Generation of Gold Codes

An analytical technique for constructing a large

family of codes having uniformly low cross-correlations

has been described by Gold {12]. The following steps des-

cribe the technique for generating a set of the Gold codes.

The method is illustrated by an example at the end of this

section.
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1. Find the order of the primitive polynomial required

by using the equation

L=2"-1 (2-1)

where n is the order of the polynomial and L is the length
of the code. The primitive polynomials for each degree

have been tabulated [13].

2. Select a pair of preferred polynomials fl(x) and fz(x)
that result in sequences with low cross-correlations. (This
step is explained in detail while describing the method with
an example.)

3. Find the product of the polynomials obtained in the

previous step to obtain
£7°(x) = fl(x) fz(x) (2=2)

4. Convert the coefficients of the powers of x in the
polynomials £°(x) to modulo 2 to obtain f(x).

5. Enter these coefficients as connections of a 2n stage
shift register. Here 0 denotes no connection and 1 denotes
the presence of a connection.

6. Select a 2n bit binary seed as input to the shift
register. The output of the shift register is a sequence ;
of period L and represents a Gold code. |
7. To generate another member in the set select a seed

that is not a 2n bit segment of the codes already generated. A
Repeating this step a total of (2P +1) sequences each of

length (2P - 1) may be generated.




It has been shown that the cross-correlations cc(7)

between any pair of these sequences obey the ineguality
n+l

-2z
fec(t) ] < f 2 + 1 for n odd,
n+2 (2~3)
2
2 + 1 for n even and n#0 mod ¢4,

where the cross~correlation cc(t) between two codes is de-

fined as

cc(T) = (number of agreements - number of
disagreements),
(2~-4)
when two codes with a displacement of T between each other
are compared. The autocorrelation Ac(t) for T # 0 also

obeys the inequality of Eqn. (2-3) and when T = 0 is equal

to the length of the sequence.
Ac(0) = 20 1 (2-5)

Carter ([14] has described a method for generating a family

of codes for n = 0 mod 4, i.e., for n = 4,8,12,16 etc.

2.1.1 Example of Generation of a Set of 511 Bit Gold Codes:

method just described for generating a family of Gold codes
is illustrated here by an example. 1In this example a set
of codes, each with a length equal to 511 bits, is generated.

The computer program used for this example along with a set

of 9 codes of 511 bits each generated by the program are

The
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given in Appendix A. The following calculations correspond

% to the steps described earlier for the generation of the

codes.

l. The order of the primitive polynomial n, is obtained

from Egqn. (2-1) as

A table of the primitive polynomials of order 9 is given

in Table (2-1) [13].

In this table the polynomials are listed in octal '

notation. For example,

1021 corresponds to 001,000,010,001 and represents

9 8 7 1) S {

the polynomial 1. x” + 0.x

4 3

+ 0.x" + 0.x° + 0.x

2

+1.x +0.x3 +0.x2 +0.xt +1 i.e., 1+ xt + x%.

The interpretation of the numbers in the first column is
as follows. \
Let a be the root of the polynomial 1021. Then

the number 17 in the first column of polynomial 1333 repre-

ool 2 3 4 5_
sents that ul7,ul7 2 ,a17'2 ,al7'2 ,al7'2 ,a(l7'2 511)’ ¢

6
2(17.2°-511) (17.27-511) (17.2%-511)

, and a are the roots
of the polynomial 1333. Here the powers of a are taken as

modulo 511. ‘

[PPSR WO . -




Table 2-1. Primitive Polynomials of Order 9.
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2. Now we need to select a pair of polynomials with low
cross correlations. The first polynomial is chosen to be

1021. Thus

fl(x) =1 + x4 + 9.

Now the second polynomial fz(x) must be chosen such that

n+l

(2 2 +1)
a L]

it has the roots
i.e., the roots of fz(x) must be a33. Now we refer to the

15t column in the Table (2-1) to find the number 33. But

33 is not listed in the table. However 33 may be written

as 544 modulo 511 and 544 = 17.25. Thus the required poly-
nomial fz(x) is the one which has an entry 17 in the first
column. The corresponding polynomial is 1333 in octal repre-~

sentation. Thus,

3 4 6 7 9

f£o(x) =1 +x+x” +x +x +x +x.

e MM % e i ke e &

3. The product of fl(x) and fz(x) gives

s aitnd 2

H

£7(x) = £,(X)* £,(%)

3 5 6 7 8

4 + X7 + x + 2x + x

= 1 + x + x° + 2x

+

2x? + 2x10 + xll + x12 + 2x13 4+ 415
+ x16 4 318

4. When the coefficient of powers of X in £~ (X) is taken

as modulo 2 we obtain




3 16

6 4 x8 4 ¥l 4 412 , 15

f(x) =1 + x + x3 + xs + x
1 + x16 4 418
’ ' 5. The coefficients of the powers of x in the above poly-

nomial are entered as the shift register connections to the

computer program given in Appendix A. Thus the shift register
connections read through a data card in the program are
101100110010110101 starting from the highest power of x and
ignoring the constant 1.
6. The computer program selects the seed for the first code
as 000 000 000 000 000 001 and generates the first code
in the set. This seed is then incremented by 1 and the new
seed is checked to verify whether it is a segment of the
code already generated. If so the seed is rejected and a
new seed is obtained by incrementing the value again by 1.
When a seed which is no: a segment of the previously gen-
erated code is found then the program computes the next
member in the set of codes. The program is written to gen-
erate a maximum of 25 sequences out of the possible 513
sequences that exist for this order of the polynomial.

The auto-correlation and the cross-correlations of

these 511 bit codes are given by the Egns. (2-3) and (2-5).

Ac(0) 511,

|Ac(t)| < 33 for T # 0

A

33.

and |ec (1) |

A




17

A program similar to the one just described for generating
127 bit Gold codes is given in reference [15]. A set of
nine codes each of length 127 bits generated by this program
is given in Table (2-2). In this table the binary elements
in the code are entered as 0's and 2's. 1In the next section
the correlation properties of these codes are evaluated

through a number of computer programs.

2.2 Evaluation of Gold Codes as Phase Diffusers in Multiplex

Holography

In this section the results of evaluation of auto and
cross-correlation properties of Gold codes of different lengths
are presented. Also the computer simulated outputs of a space-
variant processor implementing the Gold codes as phase dif-
fusers for multiplexing a number of transfer functions in
a single hologram are given. The computations are carried
out for Gold codes of lengths 127 and 511 bits under the
following different conditions: The Gold codes used as (a)
an ideal phase diffuser with 180° phase difference between
the elements, (b) an amplitude diffuser with transmittance
values of 0's and 1's, (c) a non-perfect phase diffuser with
phase difference between the elements not equal to 180°
and (d) an ideal phase diffuser illuminated by a spherical
wave front instead of a plane wave front.

The auto correlation of a function r, may be calcu-

lated using the relation

»




020202220122y 2uN22u02u22NV22u27U2¢220222222002¢y2
0222000220220220u000U200u42220002u020020002u2002%
202020020202202222u220020200020

020222002222u00000020222020222200222202002020222
2222010200222202222000°0022002222224000242006202020
202000222v022220200000h002222222

u2002222u022002200u20020920200500022200620220020
20202200290Nn2507ulC0u222¢2Ue2mul2002222020220000
00222002024uN2N2Nn20(422222¢2200000

220292220)062402292000002000200000222200022262000
002202022:20272u202222220¢222202042200302022020N02022
02000222u<222y22n20002020y4202020

202200220900 u2u222220620020221220200070220020020
U22022u22.'02222L20422722322722u22000220202222002
202222932020202£2020202022020202

22022222222120222210202000002020u222022220002022
00222222c200¢20202022u222422002u32ny2920020260220
002222022.020022202026:202020202

222020022240u62002022222202022620020000062222200
0000U2002u0N024220222°002220020022¢022u2u%0020219
0020002022029022200000022222222

U00230022020202022u22222,02200200002022002222020
22092121 22%20u222000022021220222030(22222002202090
2020u2202uQ2y2,22000un242n02002

222020009u222020022022002220020020122200242000020
2122222021 u2022222:2432402200202240202432220022000
2022y0200Ju00292200220000N22222

Table 2-2. Set of nine 127 bit Gold codes.

18




i oA 1 AR 3 bt 55 i it

AR Y il s e ISR - B O AT A B X 1. - AT Gom N e s AT G Sl A i ORERGR, + - srgt iE eF

19

>

Rll rl* rl = F{Rl'Ri} R (2-6)

where % represents correlation and * represents the conju-

gate operator and r_, Rl are the Fourier transform pairs

1l
defined as

A

Similarly the cross~correlation between the functions

r, and r, may be obtained from the relation

A *

where R2 4 F{rz} (2-9)

If the functions ry and r, have spatial widths of wy and
W, respectively then the functions Ry; and R;j; have spatial

widths of wy; and w); given by

e

W11
(2-10)

ne>
"

W width of R12 W, + w2

12
Thus in computer simulations sufficient allowance must be
made to accommodate the larger size of the output.
Similarly the output of a space variant processor
implementing the phase coded reference beam technique for

multiplexing may be simulated by computing the terms in

the Egn. (l1-14). Again if the impulse response h, has a




spatial width of wh, the width of the term h1 * rlk r2 is

given by

8 wi -
W, ® width of the term h, * r krpy = Wy + W, + W,
(2-11)
Thus in the simulation of multiplex holography using
Eqn. (1-14) the size of the output array must be made suf-

ficiently large as given by the above equation.

2.2.1 Results of Evaluation of Gold Codes as Perfect Phase

Diffusers: A program for the calculation of the auto-
correlation and the cross-correlations of a set of nine 127
bit Gold codes is given in Appendix B. Another program to
simulate the output of a processor using these codes as
phase diffusers for multiplexing is given in Appendix C.

In these programs the size of the output array is taken to

be 128 elements. Thus in order to satisfy the Egn. (2-11)
the widths of the codes r; and r, and the width of the im-
pulse responses are all made equal to 42 bits., Thus in these
programs only the central 42 bits out of the 127 bit codes
are used in the computations. (Although it was possible to
use 64 bits in the program SPACEVAR of Appendix B, only 42
central bits are used so that the results of the two pro-
grams may be compared.) The program SPACEVAR computes the

autocorrelation of the central 42 bits of a 127 bit code

and the cross-correlations of these 42 bits with the central
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42 bits of the remaining codes in a set of 9 codes, using

the Egqns. (2-6) and (2-8). The magnitudes of the outputs
are normalized with reference to the peak of the auto-cor-
relation. The outputs are plotted to a width of 2.56 inches

and a height of 2.5 inches. The resulting plot is shown in

Fig. (2-1).

Figure (2-1l)a is the plot of auto correlation of mask
1l and the Figs. (2-1)b through i are the cross-correlations
of mask 1 with the masks 2 through 9. Note that the cross
correlations have comparable large magnitudes and hence we
may expect poor reconstruction of the impulse responses when
these codes are used for multiplexing the system transfer
functions. The program MPXHOLO of Appendix C simulates the
output of a system when two transfer functions are multi-
plexed using the Gold codes as phase diffusers. The pro-
gram reads two impulse responses representing a space-variant
system and multiplexes their transfer functions on a single
composite array using a different Gold code as phase encoder
for each of the responses. Thus a composite transfer func-
F tion hologram is generated. This hologram includes only

the terms that result in an output in the output plane as

explained in Section 1.2. The output of the processor when
the composite hologram is accessed by a reference beam

encoded by a duplicate of the code used for recording is

simulated by this program. The program also simulates the
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output when only one of the transfer functions is recorded
and played back using a Gold code. This simulation is done
to assess the distortion in the impulse responses due to
non ideal auto correlation of the codes. The program plots
the outputs of these simulations as well as the impulse
responses used. The results of these simulations for

three sets of impulse responses are shown in Figs. (2-2),
(2-3) and (2-4). The impulse responses used in the first
simulation consists of two disjoint inputs as shown in Figs.
(2-2)a and b. The outputs when the transfer functions of
these impulse responses are recorded and played back using
a Gold code one at a time are shown in Figs. (2-2)c and
d. Note that due to non-ideal auto-correlation of the Gold
codes, the output impulse responses are considerably dis-

torted. This distortion is due solely to the auto-corre-

lation and the effects of cross correlation are not included.
Figures (2-~2) e and (2-2)f show the outputs when both the
transfer functions are multiplexed in a single array and

then an attempt to retrieve the impulse responses individually

are made. These outputs are distorted much more than the
outputs of Figs. (2-2)c and d because of the cross talk be-
tween the holograms due to non zero cross-correlations in
addition to the non ideal auto-correlations of the Gold
codes. Finally the result when both the transfer functions

are accessed simultaneously by two phase coded reference

.,_._-“.-.______M
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’ Figure 2-2. Simulation of multiplex holography using
42 central bits of 127 bit Gold codes.
(Disjoint impulse responses.)
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Figure 2-3. Simulation of multiplex holography using
42 central bits of 127 bit Gold codes
(overlapping impulse responses).




(a) (b)

Figure 2-4. Simulation of multiplex holography using 42
central bits of 127 bit Gold codes. (Delta

like impulse responses.)
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beams is shown in Fig. (2-2)g. The corresponding outputs
when two overlapping impulse responses, one with a positive
amplitude and the other with a negative amplitude, as shown
in Figs. (2-3)a and b, are used as inputs to the simulator
are shown in the Figs. (2-3)c through g. 1In the next simu-
lation two impulse responses with values similar to delta
functions are used as inputs and the corresponding outputs
are shown in Fig. (2-4). Note that in this case the out-
puts, although containing a substantial number of noise
terms, have a term that may be attributed to the desired
output. These simulations show that the undesired terms

in the correlations of the 42 central bits of the 127 bit
codes are too large and hence result in a poor playback.
This is because an arbitrary segment of the Gold code does
not exhibit the same degree of randomness as‘the full code.
Thus further simulations to study the correlation properties
of the 127 bit codes when the entire length of the codes
are used for multiplexing were carried out. This was done
by altering the size of the arrays in the computer program
to accommodate the larger size of the outputs as determined
by the Egns. (2-10) and (2-11). The results of these simu-
lations are shown in Figs. (2-5) through (2-8). Figure (2-5)
shows the auto and cross-correlations of the 127 bit Gold
code. A comparison of this output with that of Fig. (2-1)
indicates a substantial reduction in the magnitudes of the
undesired components. The impulse responses used in the

simulation of multiplex holography using all the 127 bits
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Figure 2-6. Simulation of multiplex holography using
127 bit Gold codes (disjoint impulse re-
sponses) .




2 ) e
' ]
30
:

—ad * ’ﬂ"‘%.
(9)

(e) (0 :

s At A s

.
e
=

(c) (d)

5, i < snren

(a) (b)

Figure 2-7. Simulation of multiplex holography using
» 127 bit Gold codes (overlapping impulse
responses) .
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Figure 2-8. Simulation of multiplex holography using ¢

127 bit Gold codes (Delta like impulse
responses) .
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of the Gold codes are similar to the ones used in the simu-
lation when only a part of the codes was used in the compu-
tation. Note that the outﬁﬁts when the impulse responses

are delta like functions have noise terms at much lower
magnitudes compared to the outputs in Fig. (2~-4). Finally
the results of evaluation of correlations and simulation of
multiplex holography when Gold codes of length 511 bits

were used are shown in Figs. (2-9) through (2-12). The

Gold codes used in these computations are the outputs of the
program CODE described in Section 2.1. Here again note that
the magnitudes of the undesired terms in the correlation
outputs are much smaller than the outputs for codes of smaller
lengths. There is also a substantial improvement in the out-
put when delta function like impulse responses are used in
the simulation of multiplex holography compared to the out-
puts using smaller length codes. However there is no im-
provement in the outputs when the impulse responses are
broader. This may be attributed to the fact that although
the magnitudes of the individual noise elements in the
correlation outputs are small, the number of such terms are
large with larger length of codes and their collective
contributions when convolved with the impulse responses may
be quite high. A major problem may be the fact that the Gold
codes, unlike the maximal length cyclic codes from which

they are derived, are not balanced to have the same number

of +1's and -1's. Thus the expected value of a bit is not
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0 Figure 2-10. Simulation of multiplex holography using
511 bit Gold codes. (Disjoint impulse
responses.)
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Figure 2~11. Simulation of multiplex holography using
511 bit Gold codes (overlapping impulse

responses) .
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Figure 2-12. Simulation of multiplex holography using

511 bit Gold codes (Delta like impulse
responses).
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zero, and there is a built-in bias. The outputs of these

simulations suggest that the method of space-variant

system representation using phase coded reference beams is

3

more suitable for space-variant systems having narrow im-

R 2

R g

pulse responses. An example of such a system is a magnifier
which transforms points in the input plane to points in the
output plane.

All the simulations described so far have been done
under the assumption that the Gold code masks used in the
system for recording and playback are pure phase masks with
exactly 180° phase difference between the elements in the
code. However it is generally difficult to fabricate such
a perfect phase mask. For this reason an evaluation of the
performance of a system using non perfect phase masks and
binary amplitude masks was carried out and the results are

presented in the next subsections.

2.2.2 Results of Evaluation of Gold Codes as Amplitude

Masks and Non Perfect Phase Masks: An amplitude

mask of a binary Gold code may be easily fabricated using
any high contrast copy film. The transmittance of these
masks has values of 0 and 1 instead of +1 and -1 for a per-
fect phase mask. The auto-correlation and the cross-corre-
‘ lations of such amplitude masks with code lengths of 127
i bits are shown in Fig. (2-13). Note that the magnitudes
of the correlation terms are very large toward the center
of the output array and then tail off rather slowly. The

outputs of simulation of multiplex holography for the same
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inputs used in the case of pure phase masks are shown in
Figs. (2-14) through (2-16). Comparison of these outputs
with those of Figs. (2-5) through (2-8) reveals that the
Phase masks are much superior in performance to amplitude
masks. However as mentioned earlier it is difficult to fab-
ricate phase masks with phase difference of exactly 180
degrees between the elements. Thus a study was made to
determine an acceptable level of tolerance in the value

of the phase difference. The program SPACEVAR of Appendix

B was modified to account for non perfect phase masks with
phase differences of 172°, 162°, 150°, and 120°. The -
output of auto-correlation of a 127 bit mask with itself and
the cross-correlation with two other 127 bit masks were
computed and plotted. The plots for various degrees of non
perfectness is shown in Fig. (2-17). From these outputs

it may be concluded that it is desirable that the phase
differences between the elements of the code should be
within 10% of 180°. In the next subsection the results

of evaluation of Gold codes when a spherical wavefront is

used during recording and playback are presented.

2.2.3 Results of Evaluation of Gold Codes Illuminated by

Spherical Wavefront: It has been reported [16] that

the use of spherical wave illumination instead of plane
wave illumination in an optical processing system imple-

menting the phase coded reference beam multiplexing tech-
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Figure 2-14. Simulation of multiplex holography using
127 bit amplitude masks (Disjoint impulse
responses) .
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Figure 2-15. Simulation of multiplex holography using
127 bit amplitude masks (overlapping impulse
responses) .
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Figure 2-16. Simulation of multiplex holography using 127
bit amplitude masks (Delta like impulse re-
sponses) .
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Figure 2-17. Autocorrelation and crosscorrelation of 127
bit Gold codes used as non perfect phase
masks.
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nique results in a reduction in the magnitudes of the cross-
talk terms during playback. A computer program SPHWAVE
given in the Appendix D was used to compute the auto and
cross~correlations of two 127 bit masks when illuminated

by spherical waves of different values of chirp, i.e.,
different radii of curvature and the width of mask.

The method for calculating the chirp at each element
of the mask is shown in the Fig. (2-18). Let R be the radius
of curvature of spherical wave in millimeters, and let w
be the width of the mask in millimeters; the path difference
A% between the wave front at a point n elements from the

center of the array is then given by

/
AL = v/ R? +(Z§H)2 - R, (2-12)

where N is the total number of elements in the entire array.
The phase difference 8 in radians at the center of

the element with reference to the center of the array when

using an illumination of wavelength equal to X millimeters

is given by
= (4. 2-1
8 (= -n) 2r , (2-13)
where n is an integer chosen such that 0 < €& < 2w,

At optical wavelengths the phase angle 8 changes very

rapidly along the width of the phase mask. There will be
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many complete cycles of phase change within each element
of a 127 bit mask even for such small mask sizes as 3 mms.
For this reason it is necessary to breakup each element
of the code into several subcells as is done in the pro-
gram. Then the value of each subcell is determined by the
value of the originating element, corrected for the phase
change due to the shperical wave front at the center of the
subcell. The auto-correlation output of a 127 bit code and
its cross-correlations with another 127 bit code for differ-
ent values of chirp as determined by the radius of wavefront
and the width of mask are shown in Figs. (2-19)a and (2-19)b
respectively. These plots are scaled in width to account
for the variation in the size of the masks. The heights
are scaled so that the areas under each of the auto corre-
lation peaks are equal in order to establish a criterion
for comparison. Note that the illumination by a spherical
wavefront has a tendency to reduce the amount of undesired
terms in the correlation that are located away from the cen-
ter of the peak of the auto-correlation. The terms near the
center are not changed appreciably. Also note that as the
radius of wavefroat gets very large the correlation outputs
approach that of a mask illuminated by a plane wave as ob-
tained in Fig. (2-1). Further simulations are necessary

to quantitatively establish the exact amount of improvement

in the output that may be obtained by using the spherical
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Autocorrelation and crosscorrelations of 42
central bits of 127 bit Gold codes illuminated

by a spherical wave of radius R and width of
mask W.

Figure 2-19.
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Figure 2-19 continued.
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wave front as well as for determining the optimum relations
between the width of the mask and the radius of curvature
of the spherical wave front.

The results of the computer simulations presented

in this chapter are useful in choosing a space-variant
system for representation using the phase coded reference
beam approach. The need for a good phase mask with phase
differences between the elements close to 180° was also
established. A technique for fabricating a two dimensional
phase mask using Dichromated gelatin is described in
Appendix G.

In the following two chapters an alternate multiplex-

ing technique for generating a composite transfer function

hologram is presented




CHAPTER 3

SAMPLED INPUT/SAMPLED TRANSFER FUNCTION APPROACH

3.1 Space Division Multiplexing of Transfer Functions

Consider a system sampled at N points in the input
plane, as determined by the sampling theorem of Eqn. (1-10).
As a result we have N line spread functions represent-
ing the system. Thus after Fourier transformation there
are N transfer functions in the holographic plane to be
multiplexed in a single recording medium. When the system
line spread functions are space limited, it is possible to
sample their transfer functions at a rate determined by
the modified version of the Whittaker-Shannon sampling
theorem [11l] and generate a composite hologram containing
the samples of all the transfer functions. A typical
space limited line spread function might be as shown in
Fig. (3-1). The maximum spatial width of this function
is 2x; where x;is the larger of the values on either side
of the axis of the optical system. Let Xy be the maximum
of {xé} for all i =1,2,...N. Then the maximum sampling
interval required in the transfer function plane is given

by the Whittaker-Shannon sampling theorem:
bE, = l‘.-xﬁ (3-1)

where Af, has the dimensions of spatial fregquency; or in

terms of linear dimensions,
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Figure 3-1. Typical line-spread function.

Figure 3-2. Typical arrangement of samples
of transfer functions on hologram,
when N = 3 and M = 4.
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AU = AfAfx (3-2)

Where A is the wave length of coherent light, £ is the focal ;
length of the Fourier transforming lens and AU is the samp- 1
ling interval in the holographic plane in units of length. P
Since we have N transfer functions to be multiplexed, the n

width of each individual sample is given by

Av = A% . (3-3)

Again if the magnitudes of the transfer functions are

essentially zero beyond the width |u| > b/2, the transfer
functions may be approximately represented by limiting the

number of samples to

= 2bxy (3-4)

instead of the infinite number of samples required by the
sampling theorem. '

An example of sampling a transfer function and the
spatial distribution of samples in the holographic plane,

for N =3 and M = 4, is shown in Fig. (3-2). Each sample

is marked as H%, when i represents the ith transfer func-
tion being multiplexed and j represents the jth sample of

the ith transfer function.

3.2 An Optical Recording And Playback Scheme

A scheme for implementing the multiplexing technique
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just described is shown in Fig. (3-3). During recording,

a binary mask with the width of each of the N transparent
areas equal to Av spaced at intervals of AU is placed

immediately in front of the recording medium. This mask

RS R N B AR S O

samples the transfer function hologram at intervals of

AU. The mask is moved by a distance of Av after recording
each hologram. Thus at the end of recording and process-

ing, assuming that the resultant transmittance after pro-

cessing is proportional to intensity, the transmittance

of the hologram is given by

N
= i 2 u u-iAv
t (u) iZlHH (u) + R(u) | ] [Rect (F5) * Comb (L72Y) )

(3-5)
where * represents convolution,
Q0

Y 8(x=n) (3-6)

n=-o

e

Comb (x)

and Rect (x) is as defined in equation (1-8).
For playing back this multiplexed hologram the scheme
is as shown in Fig. (3-4). The binary mask used in the

recording step is now replaced by a multiple input function

e i L S

transparency with transmittance equal to f(Ei) at all M
points that are directly in front of the samples of the

ith transfer function. The transmittance of this trans-

parency may be represented as

N ;
= ) £(g;)Rect(Y_) * Comb(4Zilv) | 3-7
s (u) izl (£;)Rect (o) * Comb (22 (3-7)
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When this transparency is illuminated by the reference
beam R, the reconstructed wavefront to the right of the

hologram is given by

G(u) = R(u) S(u) t(u)
= Z R(IH + Rlz)f(E )Rect( * Comb(u lAv). f
i=1 3
(3-8)

Now out of the four terms in the expansion of R}Hi + Rl2
(Egn. (1-13)) only the term RR*Hi is diffracted by the holo-~
gram in the direction of the output plane as a result of
the offset in the reference beam. Thus the output after

Fourier transformation by the lens L2 is given by

g'(x) = Z BiRR” £(£;)Rect (F) * Comb (M2~ 14")] 3
1—1 k.
N
= JKh, * (r&kzr) * [f(i.)Sinc( ) (Comb (5 )1 .
i=t * * ¥

where % represents correlation.

Here K is a scaling factor due to Fourier transforma-
tion.

In this egquation the term r % r approaches a delta func-
tion if the reference source r approaches a delta function.
The term Sinc(igig) is due to the finite size of the sample

width in the frequency plane, and approaches a constant in

the limit as Av+0. Finally the term Comb(2X ) is present 2
ld -
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because of the sampling carried out for multiplexing the
holograms. Thus under the assumption that the width of each
sample Av is small, and that r is a delta function, the
equation for g'(x) is given by

N

g'(x) = ] £(&5)h; * Comb(z%-) (3-10)

1 M

1

The required output gl(x) is
N
glx) = i__Z_lf(Ei)hi (3-11)

Hence to recover the output g(X) from g'(x) we need a
mask in the output plane with a slit which passes one of
the multiple images.

All the mathematical derivations carried out so far
has been in 1-D for clarity of presentation. Extensions
to two dimensions are straightforward.

This method of multiplexing does not require the
multiple reference beams that were necessary in the encoded
reference beam approach described in Section 1.2. However
the need exists for preparing a multiple input function mask
for the spacelimited input £(§). This mask is used during
the playback as explained in the previous paragraphs. This
mask generates coherent replications of the input function
to illuminate the hologram. Some of the schemes for
achieving this objective are described in Section 3.4. 1In

the next section the results of 1-D computer simulations
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carried out to verify the sampled transfer function multiplex-

ing technique are described.

3.3 One-Dimensional Computer Simulations 5

The computer program used to simulate the sampled

transfer function multiplexing technique is given in
Appendix E. In this simulation the number of samples in

the inpu£ plane is taken as N = 4. Thus there are four
transfer functions to be multiplexed in a single hologram.

A one dimensional array of 128 elements is used to repre-
sent each impulse response. This array is used as the in-
put to the discrete Fast Fourier Transform routine (FFT)

to generate a 128 element array of Fourier components. This
transfer function array is sampled at an interval of four
elements and the samples are stored at their corresponding
positions in another array representing the composite holo-
gram. The abéve steps are repeated for all the four impulse
responses, resulting in a final composite array of 128 ele-
ments. This composite array is played back by using it as
the input to a second Fourier transform routine. As the i
composite array is not multiplied by any term represenﬁing »
the input function, the result after Fourier transformation
should be the sum of the individual impulse responses. In
fact this simulation is equivalent to a situation when the
input is a constant for all the impulse responses. The

output of the system when the transfer functions are accessed

one at a time is also simulated.
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The four impulse responses used in this experiment are
shown in Fig. (3-5a). Note that since we have four trans- ?
fer functions to be multiplexed in a composite array of 128
elements, the maximum extent xy of any of these impulse re-
sponses should be less than 16 elements on either side of
the center of the array, i.e., 2xM < 128/4 = 32 elements;
otherwise aliasing problems will result in the output plane
when the multiplexed transfer function array is played back.
The magnitudes of the transfer functions of each of these
impulse responses are shown in Fig. (3-5b). These transfer
functions are sampled by selecting the 1St, sth, goth

elements of the first transfer function, 2nd’ gth . .. ele-

ments of the second transfer function, 3rd' 7th . elements
of the third transfer function and 4th, gth | .. elements of
the last transfer function. These samples are placed in
their respective positions in another composite array. The
magnitude of the elements in this array is shown in Fig.
(3-6a). This array is then Fourier transformed and the out-
put is shown in Fig. (3-6b). This output represents the
system output when illuminated by an input function £(§)
which is a constant over all the sample points in the in-
put plane. Note that the output, which is a sum of all the
four impulses responses, is replicated four times in the
output plane. This is because of the Comb (x/2xM) term in
Egqn. (3-10). The coordinate reversal is due to the consecu-

tive application of two Fourier transformation operations. Next,




Figure 3-5.

(a) (b)

Impulse responses and their Fourier
transforms used in the simulations.
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Figure 3-7. Sampled transfer functions and the
corresponding outputs.
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to simulate individual access of each impulse response, the
samples belonging to each transfer function are recovered
from the composite array and are placed in another array.
The plot of the magnitudes of the elements in this array

is shown in Fig. (3-7a). The results of Fourier trans-
forming these arrays are shown in Fig. (3-7b). This simu-
lation is equivalent to the situation when the input func-
tion £(£) has a magnitude of 1 at the input sample point
corresponding to the impulse response being accessed and
zero at all the other sample points. Again note that the
output is replicated four times in the output plane. This
program was written in the Fortran 63 language for use with

a CDC 1604 Computer and Cal-Comp drum type plotter.

3.4 Schemes for the Generation of Multiples of the Input

Function
In this section some of the schemes for generating

multiple images of the input function are briefly described.

3.4,1 Multiple Image Transparencies: Multiple copies of

the sampled values of the input function £(f£) are prepared
on a film using a step-and-repeat process or other methods.
A typical transparency for a given function £(£) is shown
in Fig. (3-8). The disadvantages of this method are (a)

Separate masks are required for each of the input functions,

(b) the process is slow.
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3.4.2 Multiple Imaging Using Beam Splitters: An array of

beam splitters may be set up to generate multiple images
of the input function. The requirement, however that all
the images should have the same amplitude and be coherent
with one another requires high precision in the values

of transmittance and reflectance of each of the elements

as well as in the optical path lengths.

3.4.3 Multiple Imaging Using Phase Holograms: The use of

phase holograms to produce equally bright multiple images
in the fabrication of integrated circuits has been reported
(17]. similar techniques to produce multiple coherent images

may be possible.

3.4.4 Use of Fiber Optic Elements: Bundles of equal lengths

of fiber optic elements may be arranged as shown in Fig.
(3-9) to generate multiple images of the sampled input func-

tion when illuminated by a plane wave.

3.4.5 Use of Liquid Crystal Devices: The property of liquid

crystal devices by which local changes in the periodicity

of a phase grating becomes proportional to the light
variation incident on the device has been used in optical
computing ([18]. This property may be used in conjunction
with other techniques described earlier to generate coherent

multiple images.
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In the next chapter the experimental results obtained

using 2-D computer multiplexed holograms are presented.

[Ergr




S
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CHAPTER 4

EXPERIMENTAL RESULTS USING

COMPUTER MULTIPLEXED HOLOGRAMS

The technique of representing a space-variant system
using a thin recording medium has the advantage of allow-
ing computer generation of the system transfer function
hologram instead of using the optical recording schemes
described in section (3-2). 1In this chapter the results of
2 experiments using computer multiplexed holograms are pre-
sented. The experiments were conducted to verify the tech-
nique of multiplexing the transfer functions using the samp-
ling method described in Chapter 3. 1In these experiments

the number of samples N in the input plane was taken to be

"2 in each dimension, thus requiring the multiplexing of N x N =

4 transfer functions on a single hologram.

4.1 Computer Generation and Playback of the Multiplexed

Hologram

The computer program used to generate the transfer
function hologram and to simulate the playback of the system
is given in Appendix F. In this program a 2-D array of
64 x 64 elements is used to represent an impulse response.
The four impulse responses are Fourier transformed using
the discrete Fast Fourier Transform (FFT) subroutine to
result in four transfer function arrays of 64 x 64 elements

each. These four transfer function arrays are multiplexed

68




into a single composite array of 64 x 64 elements by select-

ing every alternate element from each of the arrays in both
direction as shown in Fig. (4-1) i.e., the 1St, 3rd sth,
etc. element from the 15t, 3¥d, s5th atc., rows of the trans-
fer function H, are selected and placed in their correspond-
ing positions in the composite array. Similarly the 204,
4th, 6th etc. element from the 15t, 3¥d, s5th, etc. rows

of the transfer function H,, 15t, 3rd s5th etc, elements
from the 2R4, g4th, gth etc. rows of the transfer function
Hy and 274, 4th, 60, etc. elements from the 2nd, 4th, gth,
etc. rows of the transfer function H; are selected and are
placed in their corresponding positions in the composite
array. Thus in this scheme the sampling interval in the
transfer function plane is 2 elements. This implies that
the maximum size of the impulse response in either direc-~
tion from the center of the array must be less than 64/(2x2)
= 16 elements in order to satisfy the sampling theorem.

In general if N transfer functions are to be multiplexed

in each dimension the maximum extent of the impulse re-

sponse from the center of the array is given by

X =

" elements, (4-1)

|
o

where b is the number of elements in the array in each

dimension. If this condition is not satisfied aliasing

errors will result during the playback step.
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(a) Selection of samples from the transfer functions.
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(b) Position of components from the £¢' - transfer
functions in the composite array.

Figure 4-1. Scheme for computer multiplexing the transfer
functions.
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At the end of the multiplexing step we have one com-
posite array of 64 x 64 elements representing the multi-
plexed hologram. The magnitude and phase of the elements

in this array are plotted using Burckhardt's 3 vector method

(19] in cells of size 0.15" x 0.15", resulting in a plot of
size 9.6" x 9.6". Since the resolution of the plotter was
limited to 0.01" the magnitudes of the elements in the array
are quantized to a total of 15 levels. Thus all elements
whose magnitudes are less than 1/15th of the magnitude of
the largest element in the array are set to zero. These

quantized vectors are resolved into components along 3

vectors 120° apart as shown in Fig. (4-2). Each of these
components are represented on the plot by three subcells
of 0.05" width. The height of these subcells is propor-
tional to the magnitude of the component. The plot of one
such cell corresponding to the element having magnitude
and phase as shown in Fig. (4-2) is given in Fig. (4-3).
The plot of the encoded sampled transform array is

reduced to a size of 0.4" x 0.4" using high contrast copy

film and is used in the optical system shown in Fig. (4-4).
The optical playback system consists of lens Ly placed at
a distance of one focal length from both the hologram and
the output plane. The hologram is placed in the plane U

) and the output, after Fourier transformation by lens Ll'

appears in the X plane. A photograph of the optical setup

is given in Fig. (4-5). 1In this setup an aaditional lens is
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used to project enlarged images in the output plane. The

entire hologram is illuminated hy a plane wave of constant
amplitude. This is equivalent to the situation when the
input function £(£;) in Egn. (3-10) is constant for all the
impulse responses hy, 1 =1,2,3,4. The output is observed

as an intensity distribution in the output plane. The
computer program also simulates the playback of the optical
system. This is done by using the composite transfer func-
tion array as the input to the Fast Fourier Transform routine
and the magnitude of the output is plotted as before.

Next, to simulate the playback of only one impulse
response the components belonging to one of the transfer
function from the composite array are selected and placed
in their respective position in another array with magni-
tudes of all other elements set to zero. A hologram of this
transfer function array is prepared as before using a high
contrast copy f£ilm. This hologram is used in the optical
system of Fig. (4-4) and the output is observed as an in-
tensity distribution in the output plane. This is equiva-
lent to the situation when the input function f£(§;) in
Egn. (3-10) is nonzero at only the point corresponding to
the impulse response h; being accessed and zero at all other

points. 1In :the following sections the results obtained

using this computer multiplexing technique are presented.

~ _amatunin,
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4.2 Experimental Results Using Disjoint Impulse Responses

The four disjoint functions representing the impulse
responses used in this experiment are shown in Fig. (4-6).
Note that the maximum extent of these impulse responses in
either x or y direction with respect to the center of the
array is less than 16 elements and hence satisfies the con-~
straints imposed by Egn. (4-1). These impulse responses are
used as inputs to the computer program described in the
previous section. The composite hologram generated by the
computer is shown in Fig. (4-7). The result of playback of
this hologram in the optical system of Fig. (4-4) is shown
in Fig. (4-8). The binary mask shown in Fig. (4-4) was not
used while recording this output. The multiple outputs
seen in this output are due to two reasons. First, as a
result of the sampling in the transfer function plane
multiple images are produced in the output plane as illus-
trated by Eqn. (3-10). Second, the Fast Fourier Transform
subroutine assumes that the object at the input is one

period of a periodic function in both x and y directions so

that the output is limited to the size of one period of the

array. The result of optical playback using the binary

mask as shown in Fig. (4-4) to pass only one of the multiple

images is shown in Fig. (4~9). Note that this output is a ]

sum of all the four impulse responses. This simulation is

equivalent to accessing all the impulse responses by an
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Figure 4-8.

Output of the Optical System
when the hologram of Fig. 4-7
is played back.
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Figure 4-9.

Enlarged output of the Optical System
when the hologram of Fig. 4-7 is played
using a binary mask to pass only one of
the multiple images.
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Figure 4-11. Output of the Optical System when
only one of the impulse responses
of Fig. 4-6 is played back.

Figure 4-12. Output of the Optical System when one
of the impulse responses of Fig. 4-6
is played back using a binary mask to
pass only one of the multiple images.
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input function which is constant at all the sample points

in the input plane. The result of a computer simulation of
the playback is shown in Fig. (4-10). As explained in the
previous section the components belonging to one of the
transfer functions are selected from the composite array and
a hologram is prepared. The result of playback of this holo-
gram is shown in Fig. (4-11). Again an enlarged output of
one of the multiple images in the output plane is shown in
Fig. (4-12). This simulation is equivalent to the situation
when the input function accesses only one of the impulse

responses.

4.3 Experimental Results Using Overlapping Impulse Responses

The impulse responses used in this experiment are shown
in Fig. (4-13). The first and second functions are made up
of two disjoint right angle triangles with the values of
elements within these triangles equal to -1 and zero every-
where else. Similarly the elements within the inverted
triangles of the 3¥d and 4t" function have a value of +1. It
is clear that the set of functions 3 and 4 partially overlap
the set of functions 1 and 2. Thus when all the functions
are added together a central hexogonal area of zeros are
generated surrounded by a star like outer pattern. This ex-
periment was conducted to verify whether the property of

coherent addition is retained when the transfer functions

are multiplexed using the sampled transfer function approach.
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Figure 4-15. Output of the Optical System when the
hologram of Fig. 4-14 is played back.
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Computer simulated output when all the impulse
responses of Fig. 4-13 are played back.

Figure 4-16.




Figure 4-17.

Output of the Optical System when
only one of the impulse responses
of Fig. 4-13 is played back.
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The plot of the composite transfer function is shown in

Fig. (4-14). The result of optical playback of this com-
posite transfer function is shown in Fig. (4-15) and the
computer simulated output is shown in Fig. (4-16). Note
that the output contains a central hexogonal array of zeros
and hence verifies the coherent addition property. The
result of playback of one of the impulse responses is

shown in Fig. (4-17).

4.4 Multiplication of Impulse Responses by a Phase Function

It was mentioned in section 4~1 that some of the terms
in the composite transfer function array are set to zero if
their magnitude is less than 1/15 times the magnitude of
the largest component in the array. This results in the
loss of many terms especially when the transfer function has
a dominating term of very large magnitude (usually the zero
frequency term). This results in a computer hologram plot
with only a few terms. The playback of such a hologram re-
sults in poor reconstruction. To circumvent this problem
the impulse responses are multiplied by a phase function
having magnitudes of +l1 and -1 arranged in a checkerboard
pattern as shown in Fig. (4-18). 1In general this operation
spreads the components in the Fourier plane more evenly and
the plot of the hologram after quantization contains more

components. However multiplication of the impulse responses

by this phase function will not result in any change in the
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Figure 4-18.
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Figure 4-19. Composite hologram when the impulse responses
of Fig. 4-6 are multiplied by the phase mask
of Fig. 4-18.




Figure 4-20. Output of the Optical System when the
hologram of Fig. 4-19 is played back.
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observed distribution in the output plane during playback

since the output is observed as an intensity distribution.
Also a better reconstruction is obtained as more components
are present in the hologram. The plot of the composite
transfer function corresponding to the impulse responses

of Fig. (4-6) using the phase mask as premultiplier is shown
in Fig. (4-19). One may compare this plot with that of Fig.
(4-7) which was produced without premultiplication by the
phase mask. The result of optical playback of this holo-
gram is shown in Fig. (4-20). The result of computer simu-
lation of this output is shown in Fig. (4-21). Similarly
the plot of the composite transfer function, the optical
playback of the composite transfer function and the com-
puter simulated output when the impulse responses of Fig.
(4-13) are multiplied by the phase function of Fig. (4-18)
are shown in Figures (4-22), (4-23), and (4-24) respectively.
The block like structure of the output pattern could be re-
moved by using a random phase premultiplexing mask rather

than a periodic one.

4.5 Computer Multiplexing Using Low Pass Filtered Transfer

Functions

When the magnitudes of the high spatial frequency com-
ponents of the transfer functions representing the space-
variant system are small, the gquantized composite transfer

function array contains components only in the central region.

g T




#5313 5 i\t I 1 I e B AR AR+ o osica-

ey

" B . -
95
- -
- - - - - - - - - -
- - - - - - . ee - - - -
- . ~ e e e = o= - e eme o = o -
- - - - - - LR - - — - . W W - - - - - - -
. v me . m— el S M et m e m W S w . g
- cete Camm cane — bl An e A e W . BEE & ——. @ % Semtenn
e = weme s mees o o W et M ca o wm e et & oW e cmamme e=s =
e e = moea = " e B e W Mo focan - ee @ 8. mwme . - e e e e e =
-a e @ & s ceemm - cm v ee e o= ae - -
- - - - - - - - - - e - - - - - -
- - - -~ - - e —em- .- ee - - - - o=
- - - - = - -—a - - -
- . e - - - - . - - - -
- -- - - - . - - - - e -
- - - - - - - - - - - - e o=
- e e cae - - = [ - - e - -
- " amema o e == - e—e— . - .« - “ m-— e - -
- - - - ee m- se e Geee e aaSame . e - - @ et - - cm v -
- - - - - - -~ - = - - - - e @ — se - =B & wma= - -- - - - - - - - - -
« @ @ et - l- h_J--.h..l-.--.--.-..l--ll--.l.L.l 0 - - & W emm =
e A S . - - -au ‘-‘.‘- - “ s B LMews .
« . AL e . - - ..- - . l-l.ﬂl lil._- e ceect@md Aa. .
- - =t et - - . - Mahil ‘-.u---l.lc JdLhlal s o e cevemafld aln- .o
- e e 8 Smm e .- - ee & h‘l‘-‘--& - - dl@LlAn o e Secctama..a . -
- - — o AW ® le & cmcem .o Aemm A el - e . - ecmemem ate ae = e
- - * entd smelea oo AN - - el B Qe - o am - . - — - -am- - -
- - - - - _—na e —ew . W - ew G T AS .- - - e - - - ws e - -
-—-- - - - - - Lo R ) - - - - -4 Qe Mmame - - - - .- - . - - -
- - - - -l e e - - - L R Y - - @ -~ - . %=
« e - - e = mrst m@e am te 2 = e wmemEm - - . cme -
- - =-e - .- - - as el ol - - - - @ o -- - - - - -— - - - - -
- - e —— - - - - - casdaea ¢ - - -~ -~ et amm A o= - - - - — - o - -
- - - - - - — - - — WY - - - - - - iy o B o - - - - - = - - e - - -
- = e - . e e - - il WD anwm o B o b - . . el am e - - & eam o = - —— - —— - - -
e e e mma = = e ea M s LWeelh oo memwm SGee T Motas® & - - ee e em e o~
- - e & - - . L)L PRSI _-.I_ll-"L e 0 a. - Al e a8 - - -

— ma A e aw a . <~ w0 DR Jnu\&‘ L=} N ce can e LWa e -
e e ete A o - —.eid hlu.u-.-...ul '.ln..--.. — et -

A = eaAawm .. . ac-t ol strciaacna s alth - - -t =t A o .

« meets mmas ® - - 0 Alaatds e o - I-.‘l.ll- -l [ S - S®.aw- . . .
- - - - - -e - - -a e e a w@ - - -— ® o o - em S - LX) - - - - - - - -

.- - P . . e v o e B wma e e wme e - chma . - - - . -
- .« eme - - - - - - — aa - . . —— - - -
- -~ @a a ma - ¢ e = o= o= - - on - - -
- . ea e - - - - - - - e
- e - - - «aa - . e - - . ee - -

- - - -- = [ - - _—- - - - - --
- - .« = @ wmee e~ = W e+ ee a—m e a ee - [,
- - - - - - - - Q@ WA s a - -— — s = ol - - - - - - - -

- — A e . = asdic @ Mlalvcscsan esScecn.fa A% Guine a - - — . & e - -

—_— e @ . am—- coctm sMB A LA s tn e cn. .t A -, . — e Emn w A
ce e c=a - taml O MGt nm v am AR 0 el e -—— . em e -
- - - - - - -- O m W ASCA® . - - — A - - - - - - - -

- . % = cm= - . « = em— - . - - -
- - -

Figure 4-22, Composite hologram when the impulse responses
of Fig. 4-13 are multiplied by the phase mask

of Fig. 4-18.
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Figure 4-23.

Output of the Optical System when
the hologram of Fig. 4-22 is played
back.
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Computer simulated output when all the impulse
responses of Fig. 4-13 premultiplied by the
phase function of Fig. 4-18 are played back.
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In such a situation a different scheme for selecting the
samples from the transfer function arrays for multiplexing
maybe employed. 1In this scheme the central 32 x 32 elements
from each of the transfer function arrays H, through H4 are
selected and repositioned in a composite transfer function
array of 64 x 64 elements as shown in Fig. (4-25). This
scheme is different from the one described in section (4-1)
in which alternate elements in both directions were selected
as samples and were placed in their corresponding positions
in the composite array. The present scheme is equivalent to
low pass filtering the transfer functions and hence infor-
mation about high freéuency components, such as sharp edges,
is lost. Since all the elements in the center of the trans-
fer function array are used, however, effectively no sampling
is being done in the Fourier plane, and hence the restriction
on the size of the impulse responses given by Ean. (4-1) is
not valid. As such the impulse responses need not be space
limited and may extend up to the edge of the array repre-~
senting the impulse responses. However as the number of
transfer functions being multiplexed increases, the size of
the central array passed by the low pass filter becomes
smaller and results in the loss of more and more components.
In general if N transfer functions are being multiplexed in

each dimension, the size of the central square array U in

each dimension passed by the low pass filter is given by
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(a) Low pass filtering of transfer functions: central
32 x 32 elements are selected from each transfer
function.
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(b) Repositioning of the selected elements in the
composite array.

Figure 4-25. Generation of composite transfer function
array using low pass filtering technique.
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U= % , (4-2)

“where b is the size of the composite transfer function

array. Also, since the elements from the central portion
of the transfer function array are repositioned throughout
the composite array as shown in Fig. (4-25) the spatial
frequency scale in the composite transfer function is changed
by a factor of N relative to the spatial frequency scale of
the individual transfer functions. This results in a re-
duction in the size of the impulse responses during playback
by the same factor. This multiplexing scheme is suitable for
computer multiplexing only as it requires repositioning of
elements and it is not possible to device a simple optical
equivalent of this multiplexing technique for recording

the composite hologram. An experiment to verify this multi-
plexing method was carried out using the impulse responses
shown in Fig. (4-26). Note that the impulse responses ex-
tend upto the edges of the array in both x and y directions.
The composite hologram generated by the computer is shown

in Fig., (4-27). The result of a computer simulation of the
playback of this composite transfer function is shown in
Fig. (4-28). Note that the edges of the function are not
sharp due to the loss of high frequency components during
the multiplexing step. Note also that the size of the com-
bined impulse response during playback is only 32 x 32 ele-
ments compared to the original size of 64 x 64 elements as

a result of scaling in the Fourier plane.

—— uuuiiII-ll-------n-l---nunlllilﬂliliﬂ-‘

it o o e 0 gl a s e e
5 e B s S



101

. -swayos burxardr3zinu
WJI931Td ssed moT, ur pasn sosuodsai osTndwy Inoj °9z-y anbirg

N\
Z
——

ZNWWN

\

A —

N‘ -‘

77
o )+

A

e~

-

Tllll¢wrllt




Figure 4-27. Composite hologram generated using low
pass filtering technique.
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Computer simulated output when all the
back.

Figure 4-28.
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CHAPTER 5

CONCLUSIONS

The representation of space-variant systems using en-
coded reference beams requires diffusers with good correla-
tion properties. One of the objectives of this mepor+ has
been to evaluate the correlation properties of a family of
binary phase codes for use as diffusers in multiplex holo-
graphy. In Chapter 2 the results of extensive computer simu-
lations to compute the autocorrelation and the crosscorrela-
tions of a set of codes described by Gold for use in spread
spectrum communication systems was presented. Simulations
of multiplex holography using Gold codes of different lengths
were also carried out. The results of these simulations indi-
cate that, due to non ideal correlation properties of the Gold
codes, the magnitudes of the crosstalk terms are quite large
resulting in poor reconstruction. However it was observed
that when the impulse responses have very small spatial widths,
acceptable levels of the signal-to-crosstalk ratio were ob-
tained. Thus it may be concluded that the method of space-
variant system representation using the Gold codes as dif-
fusers is more suitable for applications involving space-
variant systems such as magnifiers which transform points in
the input plane to points in the output plane, resulting in
delta function like impulse responses.

The effect of chirped wave illumination was briefly des-

cribed and the need for fabricating near perfect phase dif-
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fusers was also demonstrated. A technique for fabricating

phase masks using dichromated gelatin is discussed in Appen-

dix G. Additional work needs to be done in this area to perfect
this fabrication process as well as to determine simpler meas-
uring techniques for evaluating the quality of the resultant
phase masks.

Another objective of this research was to develop an al-
ternative multiplexing technique to generate composite holo-
grams representing the system transfer functions. 1In Chapter
3 a technique in which the transfer functions are sampled in
the Fourier plane and repositioned to represent a composite
hologram was presented. The multiplexed hologram generated
by this technique contains samples of the transfer functions
in nonoverlapping regions and hence the problem of hologram-
to-hologram crosstalk is completly eliminated. The method
also requires a single reference beam, unlike the encoded ref-
erence beam approach that required a number of reference beams.
However this technique requires generation of multiple images
of the input function during the playback step. Several schemes
which permit generation of these coherent multiple images were
briefly described. Additional research to implement these or
other methods for multiple imaging needs to be done in order
for this multiplexing technique to become practicable for the

representation of space-variant systems characterized by a

large number of impulse responses.

Cadian
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Experimental results using computer multiplexed holograms
to represent a space-variant system sampled at 2 x 2 points
in the input blane were presented in Chapter 4. The e#peri-
ments were conducted for both disjoint impulse responses as
well as for overlapping impulse responses. The property of
coherent addition that is required in the case of overlapping
impulse responses was also verified through these experiments.
A slight variation of this multiplexing technique using a low
pass filter in the transfer function plane followed by repo-
sitioning of the filtered components was also presented. A
combination of these techniques may be adopted to multiplex
larger number of transfer functions in a single composite
array. Multiplication of the impulse responses by a random
phase mask to distribute the transfer functions more evenly
s0 as to reduce the guantization losses of small components
during the generation of computer multiplexed holograms was
also demonstrated. The computer simulations and the experi-
mental results presented in this report demonstrate the
ability of the sampled input/sampled transfer function approach
to effectively represent any slowly varying, linear, space-
variant system with finite spatial extent of the impulse re-
sponses. However implementation of this method for very large
size sampling arrays in the input plane requires high precis-
ion in the alignment of the multiple images of the input func-

tion during playback and is likely to be a 1iﬁiting factor

in practical systems.
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APPENDIX A
Computer Program to Generate Gold Codes of Length

511 Bits and a Set of Nine Codes Generated by the Program.




A0 O0

QOO aa

(@]

Ui

10

50
52
55

56

58

60

110

PRI32AM CODE

TmlS PROGRAM GEJYERATES A SFT (OF THE GOLU CODLE
SENUENCES OF LEYGTH 512 BITS EACH, THE REGQUIREN
InoPUTS TO THE P3IDGRAM ARE (1) THES SHIFT REGISTER
COVNECTIONS REPIESENTING THE POLYNOMIAL, (2) THe
VUMBER QF CODES IN THE SET (LIMITED TO a MAXIMUM
UF 25,) THE PROJRAM USFS 000000000G600000001 A4S
THE FIRST SEFD 7DOR GEN:RATING THE FIRST CODe IN
THE S&T, SUBSEQJENTLY THE VALUF OF THE SEED IS
INTREMENTED RY 1 AND THE NEW SEED IS CHECKED

Tu VERIFY WHETHZR IT 1S A SEGMFNT OF THE COUES
ALIEADY GENERAT=D, IF SO THE SEED IS AGAIN
INCREMENTED RY 1 AND AGAIN CHECKED, THE OUTPUT
OF THE PROGRAM 1S A SET OF UN]JQUE CODES. THE
PRASRAM PRINTS THE SFED USED AND THE CORRESPOWDING
GOoLD CODE GEMNERATED,

UIMENSION 12€25,530),1A(18)

FOIMAT(/7277)

REAL THE SRHIFT RFGISTER CONNECTIONS,

SHIFT REGISTER CONNECTIUMS ARE ENTERED ONMN THE
JATATARD STARTING FROM THE HIGHEST OQORDER,

FOR SAAMPLE 1+X+XorZeXwwSeXwabeXouBaXnwlleXaw2+Xwv15
+Xer1p+X»+18 ]S ENTERED AS 101100110010110101
IGVORING THE COVSTANT 1,
HEAD(5,10)(1A(CT),I=1,18)

FOQIVAT(1811)

~RITE(6,5)

cRITE(S,19)(1ACL1),121,18)

FORMATI(SX, 26HSHIFT REGISTER CONNECTIONS,/5X,1611,///7)
CEAY THE DESIREU NUMSER NF CODES INM THE SET,
“EALU(S,20)N

FoIMAT(I3)

SRIT=(5,25)N

FOIMAT(5%,20HIWUMRER OF SEQUENCES=,13,77//7)

SET THE SEED FOX THE FIRST CODE AS uo000CdQ0GOGCOCQO00QL,
030Js1,17

Iz¢1,J)=0

12¢1,13)=1

0350 <=1,N

IF(K.EQ,1)80,5°

INCREME~N™ THE ¢ -D USED FOR THE PREVIUQUS CODE RY 1,
1052 J=t 3

[Z(K,Jd)=1Z(K=1,0)

'Q 60J=1,18

IFCC(1Z(K,19-0)),F0,1)60,56

12(r,19=-U)=1

[Jy=J-1

o558 Jd=1,1J

[2(£,19~J0J)=0

GQTO62

CONTINUE




GOOOn

62

70
&0
85

90

150
180

200
300

VEIIFY WHETHER THE NEW SEED [$S A SEGMENT OF THF
SREVIOQUSLY GENESATED CODES IN THE SET, IF SO RETURN
TO THE PREVIOUS STEP AND CHANGE THE VALUE OF THE
SEED, IF NOT US: THIS SEED FOR GENERATING

ANJOTHER MEMBER IN THE SET,

0Q70L=1,512

KK2K=1

07dl=21,KK

DOs5J=1,18

IFCCIZ(K,29=U)) ,EQ,(12(],18+0L=UJ)))A5,70

5 CONTINUE

GQTO55

CUNTINUE

wRITE(4,85)(1Z2(<,J),J=1,18)
FOIMAT(5X,21HSE=D FQR THZ SEGUENCE,/S5X,1811,7/77)
GENEATE THE GO.D CODE UuSING THE SEED
PRESVIOUSLY SELECTED,

D0O1501=19,530

129

vu90J=1,18

PeladJIwlZ(K,Je=19)+n

F‘=\1/200

“M=zR

R=z3«MM

1Z(K,1)s8=2,0

‘RITE(6,1850) :
FOIMAT(5X%,26HGO.D CONE FOR THIS SEED 1S.,/7)
WRITE(6,200)(12¢(X,J),J=109,530)
FORMAT(5X,4811 )

“RITE(S,3)

END




SHIFT wEulSTer CUMMECTIONS
1110601102101 202¢03

NJM3eR OF SEwJuEMCES=z ¢

SEED TUR THE SEGUENCE
yooogoLou voourooout

GOLD C0CE FOm THIS SefED IS

110121010223000L2202231060,20L223060340202102001201
Ju111002121650332223006G001My001161102121102110001101
U1000600122200100030611063019623020002001330000106000
02006107000 023000613220332106020F002P110100ULLL00L0
1013100060 LNNILIL6G23030C2301000U3260010010062202120
1000u1230IENULLPLITILIL12ICGI0OLE0HUGY111102000u100
U013uv1u32510132331013¢063230312G2106130000G10ULI000020
11101310200 320262C000L306G6G2PU112221220012000002100
1161312220330 03303260L6L01000102300020020010G0LGE0
116032020000 2220001L0010361020301210210131601120
10tludigiiieioenuecoeegponrcootl

STZED FOR THE SENUENCE
utgouogouLytocoaLQ

GOLD CUDE FOR THIS SEED (S

011001311u01g¢N1M1300100L0LI200200220121012120102.12
010013101v10000L010L0O0G1L040102102100011¢01002U112
1100092101311031u0C3032133,203330022¢190100013u00N
U110111100 0303 GNACLOLI2LELAWILC0T2101210021222012112
110010p00UV0031327120112062,2110020120G311022020312011
100010vl22guliunlceadronglatototuniog0iliennl1ioo
g1ol11100.22006033 0103020012722 0300011012C0u111
Unilut111e10611211600230220200000001010310°000L1010Y
0110uCL0613Lb3UTL1d0210013221011%030UGT12021P120212G012
03010111323 pCiludLi22041212292222222 0011022002010
11010110 v2220GELICQGRUunLOOIUL
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e

SFEL (% TEZ YeQUENCE
Jugoourynuvytuculul

doLL JuDE FORr THIS SEFD 1S

UC01u010020tLILRUEI026011001076122210000222004011
1010310013 0121101000231041000000G0220002020200016
1100uly0L23221LC300UF1I011L0UNLTICI1310102001320CCT
11113023003 u2ylt23Cub134123120130000210¢1202321361
0010105 C0-LLLLEnLutLF211104032010010111221200600U0C1
1001030024022 ¢20300002213021000N0T0LL100T0GLLICL
1000100220013 000G 0L0UI0000GNUI0NTI12120DL2Q0
1000106223009 2{23002121231314127121021002006012P¢1210
y0011130vrplilcultulivileinznliionylviiigiiiiiiiioan
0110071012 ¢1uiulyl110612C21C1612002000000202200012
LidlitlupliLszccoonosuuncoynvriny

5zEit Tus TmZ Re%usiCe
000Ul LOLlLLLl

Gtk S(0e Fls T=IS% SEEL IS

1uiulngoleitratlvleddveion1f12010910021007111001
1101122121212 0006220061020032203202003070320212G30
U10001119¢24016582130¢702121003030131012003C1UG00LO0
171100030¢3121633061070029201020032001030001200D
¥10116LN0Y 1002201300 I13300LI03234P10120122242300
1001161003 0tudollrinire01rpl0cendI1nyleninolulod
1110u0100203u0utula113462r10123y221A101201G210601
GLulutluolil1aCE0100L1UI2¢GL12N0"L00112112000212111
1651000010311222013302000262001210101101407101011
1211120001u11021030102000luduUCU01010220301223100
0111100103 L0LCUNLERLOUT DLuTUNLLy

SEED £0R THEZ SEQUEACCE
oooouogOOlONOC1IOLC

GOLD ZUDE FOR THIS SEFD 48

100001107141 0620306G22012230021113,01121100C%C10000
U0vlu0110-.0111021006320102¢2012:15100200121¢10010
01001010J3cV10101020LMICG0OVION0Y1%J0000U22012010001
100122010201111001002C2040201321130%0111150021y1
160310000U-2221120220007¢2,00220212337°91CG001022000
1210000002110210000122006010C0 17190002227 4101
010011010v30110011106,1¢100U1101113063100202011110
0010u0000L10010040110010y0011111012u0211003¢11001
010111¢013100101211111002121131112100100100111101
1001001002100011130611110461026130001101001001¢C01
111011100720200000000009%4u0010CO
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SZED Ty ThI SEAUENCE
WOdBuNLOU-GIbELULY

QaLs Sulie Flia Te]s CebBp €

1222120123 02200319301721,21301112010102020C42C10
C110¢3u031 10603 5212¢3321°10022034302123303107°20¢
1302200103021 L3ul1rerfisy1r131124G01202021220 €082
1162622203 000223732232202,03321201610121220052720uh
111912060 -2134012020200%201311°¢713110611C00210101
10102113012212233523123(001272306002029110120111101
$019v11G12219r112C0006713292101200101110123011¢C21
112123¢10-015201302310330016000020000601001G74G00
1120051110000 2100242741232027012113311¢011711110°0
000913,01233511¢232222150560000072221022111006031¢¢
100017021125¢110C0uConb0C0V0L0T2

GOLE SeDe Fon YHIS fERL IS

199211000 0121230007173 ,0¢006210170p0522220121110
15003101 3ulv222003043021M2112y220U02000NM317121101
12056112113 ¢6021103212303101211211010100082010110C01
0103012101110331¢10u20037500117000111221003100016
UN0312¢05v2100031011317112429322124623301072722101111
1911070111121531114016431711219900¢051301€1112517°1101
111100010l ud115102002110506202202070102502230200200
01900022116212202132202801,1022223000110C20¢1124011
1091120103021 7201€31501112¢0010121020G103170112111
0011110112315 C012013200 0t 1udLduninllyiulullllge
G10QuduNull11rgnuberudgylyiyllcg

i DAL AT vt “;.v;“uay;.mwmudww T

ot ALy

114

g e e A e o




fl
3
i

R M A ST S k-

< O L SRR AR AR

B e el

STEM TUR Imz TElLErCe
VI00wdund- 261211

GOLD T0De F2a THIS SEEFL €S

00110119121111000L223101721n2111310UNG1000Iu01INYLGD
1111610101204602120¢1060201220000002030412213320912121
910011u01'0Nc101300113G0010010211000111120193010001
V0001101U21n1131292Cu301170011010001022023000111
013111ud¢0Vu10100000CTIUNINYI0111011100000020004010
101111¢10310021121uC1701320200001210101010100101
1001101020 C100200LCAC2000L10N0R0011010006001020101
100117100190121201C200v0u0yll0000L0110i022002102010
uji100%100r1020yu002113103101103060213L00000000N0NPL110
10100121911111212210011(:21111117111160006G11161¢0011
GnidoIGtiutieloonueLOLlO0u00111d

SrED FOI THE SELUENCE
vodcooopo0L000IQ00T

GOLD CUDE FOR THIS SEEL 1S

V1011721065 000u 0100023212100 00200:1200L11021721201
U6011111103003U20210133,300606001212010000012C1601
11010202200 C2122010090220222C1001000011101120G11
400101111,21C¢6006131013101rC101210606122022010C2002
1ippu10yn0l11300LCUC110320221001100L20U000021CGCLI11
1100011110252000L2022013133106G010011232122202110
1610112121011012003232001530000y101210000N212212110
1010111012yt p01912200C002A2G0O0LI012120202C21121¢0
Jyi1pyu110vlat2genirelieciagtlrotoeninooodenucoleoll
111919vllepoutenicic1iyoanpootlioluootlouiliolgl
U110111022111Gu0uCCrgACOU0L000GL '
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APPENDIX B
Computer Program to Evaluate the

Correlation Properties of the Gold Codes
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PFRIGIAM SPACEVAY

THIS PRUGKAM COYPUTES AND PLOTS THE AUTUCORKELATION

JF A GOLD CODE IM A SET OF NINE 128 BIT CODES AMD (A
ITS CROSSCORRELATION WITH THE OTHER EIGHT MEMBERS

IN THE SET, THIS IS DOVNE BY MULTIPLYING THE FOURIER
TRANSFNRMS OF THE CODES AND THEN FOURJER TRAMSFORMING
THE PRODUCT, IN THIS PROGRAM ONLY THE CENTRAL 42

SITS OF THE 128 BIT CODE ARE USED IN THe CALCULATION
SO THAT THIS QUTPUT MAY BE COMPARED WITH THE OUTPUT
GF THE PROGRAM 4PXHOLO,

DIVENSION A(128),G(128),H(128),T(128) ,8(9,128)

TYPE COMPLEX G,4,T,CMPLX,CONJG

CALLPLOTS(N0,0,1) :
“RITE(&,220) C
np351=1,128 :
h‘l”(“o"l”c”’

T(1)=¢0,0,0,0)

~EAD TWE 123 BIlT CODE TO 8E USED AS THE CuMMON CODE

IN THE CALCULATION OF CORRELATION NITH A SET OF NINE

128 31T CUuDES, THE CODE 1S REAND IN AS ZEROS anD T«0S,
JEAD(S,10)(AC(1),1=21,128)

FOMAT(64F1,0)

CONVERT THE VALJES IN THE CODE TO +1 AND -1 TO

RhESRESENT A PHASE MASK WITH 180 DEGREES PHASE

LIFFERENCE, '

10201=44,85 ]
IF(ACE),GT,0015,12 ]
5(1)"100

30 TO 20

a(ly)=1

CONTINUE

p3y1=44,565 (\
~(1)=CMPLX(A(]),0,0) ‘
CONTINUJUE

CALCULATE THE FJURIER TRANSFORM OF THE CODE .,

CALL FOURIER (M)

CALCYLATE THE CIONJUGATE OF THE FOURIER TRANSFORM OF

THE CUDE AND STJURE IN THE ARRAY T,

JU 40 1=1,128

TC1)Y=2CONJG(H(T))

THE FOLLOWING DJ LOOP READS ALL THE NINE CODES IN

THZ SET ONE AT a TIME AND COMPUTES THEIR CORRELATION

+1TH THE CODE P<EVIUSLY READ. THIS SET OF MINE CODES

ALSO INCLUDES T<E PREVIOUSLY READ CODE AS A MEMEBER

AND HENCE ONE 0F. THE OUTPUTS 1S THE AUTUCORRELATION

AND THE REST ARz THE C30SSCORRELATIONS,

00120 XK=1,9

DO 60 1=1,128

G(l)=(¢0,0,0,0)

m(1)=(0,0,0.0)
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61

62

65
70

80

90

120

122

125

160

200

~EAU A MEMBER F<0M THE SET AND CONVERT THE VALUES
TO «1 AxD =1,

KEAD(S,10)(AC]),1=21,128)

“DIMAT(O5X,64F1,0)

ARITE(6,61)CAC1),1=1,127)

“RITE(6,220)

DO 70 1=44,85

IFCAC]Y,GT,0)65,62

A(l)=-1

50 TO 70

i(1y=1

CONTINUE

0 80 1=44,35

H(I)SCUHPLXCACL),0,0)

CONTINUE

CALCULATE THE FJURIER TRANSFORM,

CALLFOURIER(H)

“JLTIPLY THE FDJURIER TRANSFORM OF THE CODES,

10 90 I=1,128

S(1)=T(I)Y=H(])

COMPUTE THE FOUIIER TRANSFORM OF THE PRODUCT TO OwTAlW
AS THE QUTPUT THE CURRELATION BETWEEN THE CODES,
CALL FOURIER (G)

DU 120 1310128

F(AK, 1)Y=CABSIGLI))

"OIMALIZE THE MAGNITUDES OF ALL THE ELEMENTS [N THE
(UTPJTS wITH REFFRENCE TO THE VALUE OF THE LARGEST
FLZAMENT IN THE =NTIRE SET,

YM=0,0

10122 [=1,9

10122J=1,128

AMz=MAXLIF(BCL,J), XH)

'01251=1,9

20125J=1,128

YeI,J)=28(]1,J)*99/XM

PLIT £EACH OF TH=z NORMALIZED QUTPUTS TO A WIDTH OF
2,56 ]NCHES,

110400L=1,3

CALLPLOT(U,0,=-2,56,2)

Jz(K=1)*3+_

'01601=1,128

CALLPLAT(E(J,1)740,-1%0,02,2)

PRINT THE NORMALIZED VALUES OF THE CORRELATION GUTPUT,
‘-‘R]TE(G.?UU)(B(J;I)pl=1:128’ .
FOIMAT(5X,16F4,4)
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220
400
500

19

20

22

30

*RITE(6,220)

FORiAT(/7) )
CALLPLOT(U,0,=3,0,<3)

CALLPLOT(3,0,9,3,=3)

CALL®LOT(U,0,0,0,999)

END

SUSRJIUTINE FOURIER (R)

THIS SUsRUUTIWNE FCALCULATES THe FOURIER TRANSFORM
(F AN AKRAY CF 128 ELEVENTS, .
THIS PROGKRAM ALSO SHIFTS THE ELEMENTS Iw THE
ARRAY TO TAKFE CARE OF THE FFT ALGORITHM WHICH
4SSUMES THE FIR3T ELEMENT AS THE ORIGIN,
DIVMENSION M(3),5(32),1INV(32) ,8(128)

TYPE COPLEXX,B

JATA(M=7,0,0)

IT=u

g 20 1=1,64

A=3(1)

t(l)= P(I+64)

~(leb64)=X

CONTINUE

IFCIT,EQ,1)30,22

CALL FFT ALGUORITHM HARM,

CaLL HARM (B,M,1INY,S,1,1FERR)

IT=1

30 170 1v

RETURN

END
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APPENDIX C

Computer Program to Simulate the Output
of a Multiplexed Hologram Using Gold Codes

as Phase Diffusers in the Reference Beam Path.
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PRVIGIAM MPXHNOLDN

THIS PRUGKAM SIYULATES THEZE QUTPUT OF A SYSTE™M

“SI1vG THE GOLD COLES AS DIFFUSERS InN THE

MEFEIENCE BEAM 2ATH TO REPRESENT A SPACc=varlanT
PRICESSOR,A TOTaL OF TWD TRANSFER FuNCTIONS
CEARESENTING TH=z SPACE~VAR]IANT SYSTEM AKE MULTIPLEXED
In A SINGLE ARRAY, THE PROGRAM ALSO PLOTS THE

[M2ULSE RESPONS=S USED [N THE SIMULATINN AMU T4k ]
JUTPUT WHEN THEY ARE RECNHRNED AND PLAYEw dACK |
DSING TmE GOLD CODES WITHOUT ANY MULTIPLEXI.G, :
IN THIS PROGRAM 0ONLY THE CENTRAL 42 RITS OF TH®

128 31T CUNE aR= USED IN THE CALCULATIN« SO THaT THe
SUTPUT OF THE SIMULATION WITH THE TOTAL #INDTH

EQUAL TQ THE SUY% UF THE WIDTHS OF THE Ta0 CUNES 1
aND THE AIDTH OF THE IVMPULSE RESPOI'SE IS LESS TrHA 4
THZ SIZE OF THE NUTPUT ARRAY., FOX THE SAMe

hEASDW THE [1PU_SE RES®POVSES ARE AL>0 LINITES

TO A SI12E OF 42 KITS.

FIMEVSTON A(128),G(128),H(123),S5(1238),3¢125),T(123)
TYPE COMPLEX G,4,T,CMPLX,CONJG S

CALLOLOTS(N, N, 1)

-‘0 o) I=10125

T(I)=s(n,0,u,0)

LullNKs=1,2

"'U7l=13 1248

3¢(1)=0,4

“EAD A 128 BIT s0LD CONE, VALUFRS READ 1IN

Az 7ERQOS AND TNOS,

FEAD(S,10)(A(]Y,1=1,128)

FURIAT(84F1,N)

COVVERT THE VALJES TO +1 AND =1 TO REPRESENT

4 SHAST MASK WITH 180 DEGRRES PHASE DIFFERENCE
~ETWEEN THE ELEVENTS,

J0 20 1=44,85

IF¢ACTY,GT,0) 15,12

A(l)==1

ad T3 20

A{I)=1

CUNTIUE

.'-'0271';1'129

A(ly=(0,0,0,0)

A(trys(n,0,0,0)

o $0 1=44,35

AAII=CYPLX(AC]),0,0)

COMNTINUE

FOURIEI ThRANSFO<m THE ARRAY TO REPRESENT

THE REFERENCE BeAd ILLUMINATING THE HOLOGRAM,

CaLL FOURIER (H)

LO32I=1,128

A(l)=0,0
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40

50

60

70
80
100

110

120

122

READ AN I+PULSE RESPNNSE 4UF ThHF SPACE=VAR]AWT SYSTRuM,
TEAY(D,33)(A(J),J=44,33)

FCIsaAT(clF2,0)

J0351=1,128

"(1)=C4PLX(ACI),0,0)

HOI)=ARSCAC]LY)

PLOT aMD PRINT THE [MPULSE RESPONSES,
CALLPLOTT(R)

CALL2LOT(3,0,0,9,-3)

CO4PUTE THE TRANSFER FUNCTION

CALL FOURIER (G)

HEMERATE THE CNvPOSITE TRAMSFER FUNCTION ARRAY BY
SUYMING THE PROJUCT OF THE FOURIER TRANSFORAMS

F ZACH OF THE IMPULSE RESPUNSES AND THE
COIRESPONDING R-FEQENCE REAM FUNCTIOM,

U0 40 1=1,128

TCI)=TCI)+G(l ) ONJGEHCT))

SIMULATE THE PLAYBACK QF AN TMPULSE RESPONSE

«HEN THE GOLD CJCE IS USFD IN THE RECURDING

AND THE PLAYRACK STEP,

“05ul=1,128

GCI)=H(IIwCOMUG(H(TI))I=3(])

CALL FOURIER (6)

"0 60 1=1,128

A1Y=CABS(G(]))

FLAT AND PRIMT THE QUTPUT WHEN THE IMPULSE RESPUNSES
AREZ ECCGRLED AND PLAYED RACK USINVG THE uOLD CODES,
CALLPLOTT(B)

CALLDLOT('sonl'quD'S)

IF(K,EN,1)70,100

[Q8u 1=1,128

S(iy=n(D)

LONTINUE

CaLL2LOT(5,0,8,0,=-3) -

101101=1,128

SIMULATE THE PLaAYBACK OF THE SYSTEY mWREw THE
TRANSFZER FUNCTIJUNS ARE ACCESSED (A) INDIVIDUALLY
AND (3) SIMULTANEODUSLY FROM THE COMPOSITE ARRAY,
a(1)=T(I)eS(])

T(P)=TCI)»H(T)

SOI)=3(1)Y+T(T)

CALLFOURIER(R)

CALLFOURIER(S)

CALLFOURIER( T

01201=1,128

n(1)=2CABS(G(I))

PRINT AND PLOT THE OUTPUT WHEN THE FIRST TRANSFER
FUNCTION IS ACC=SSED FR0OM THE COMPOSITE ARRAY,
CALLPLOTT(])

CALLPLODT(0,0,-4,0,-3)
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123

uldhi=1,12¢
150 »(1)=CABS(T(I))

c PRINT AND PLOT 1He QUTPUT WHEN THE SECNND THAWNSFER
c FUNCTION IS ACC=SSED FR0UM THE COUPOSITE ARRaY,
CALLPLOTT(R)

CALLPLOT(3,0,2,0,=3)
+01401=1,128
140 #(l)=CAGBS(S(I1))
PRIWT AWD PLOT THE QOUTPUT WHEN B9TH THE TR4MSFER
FUNCTIONS ARE AZCESSED FRCM ThE CO“POSITE ARRAY,
CALLPLOTT(H)
CALLPLOT(0,0,995)
kNN

s
@ N &}

SU3ROUTINE FOURIER (8)
THIS SUsROUTINF CALCULATES THE FRURIER TSA“SFORM
b AN ARRAY NF 128 ELEYENTS,
THIS PRUGRAM ALS0 SHIFTS THE ELEMENTS la THE :
ARRAY TU TAXE CaFE OF THE FFT ALZOKITHM wHICH :
ASSUMES THE FIRST ELEMENT AS THE ORIGIN, 1
JIMEMSTUN M(3),35(32),1NV(32) ,53(12R)
TY®E CAMPLEXX,R
CATA(M=27,8,0) t
IT=0 *
10 0 20 I=1,64 ,
y23(1]) i
I(IY= 3(Te6w) : 5
S(1+54)=x |
20 CONTIWIE ?
IFCIT,c0,1)30,22 _
SALL FFT ALGORITHM HARM,
22 TALL HARM (8,M,IMY,S,1,IFERR)
17T=1
50 TO 1
30 ETUIN
END

CPHONS N N

(9]
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SUIRNUTINE PLOUTTI(B)
’ c THIS SYBIVUTIWNF PRINTS 4ND PLUTS THE MauN]TUuDES
c OF THE OUTPUTS., THE CUTPUTS ARE NORMALIZED J1TH
o NEFERENCE TO TH= LARGEST ELEMENMT [N THE ARRAY,
IvMeMSION B(128)
X4=0,0
ligtuJ=1,128
10 xM=sNAXLIF(BOJ) , X))
40%20J=3,128
20 h(J)=g(J)w99/XM
CALLPLOT(UDOD.2056) 2)
CALLPLAT(0,0,0,9,2)
303Yl=1,128
) 30 SALLOLOT(m(1)/4J,-1+0,02,2)
“RITE(6,4U)(E(I),1=1,128)
40 FQORMAT(5X,32F3,0)
SRITE(S,30)
20 FARIMAT(//777)
CALL2LOT(C,U,0,J,3)
P ~LETURN
EwD

s N 15 A M e %l G g+
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APPENDIX D

Computer Program to Evaluate the Correlation Properties

of the Gold Codes Illuminated by a Spherical Wavefront
S
’
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PROGIAM SPHWAVE

THIS PRUGKRAM COYPUTES THFE AUTOCORRFLATION AND THE
CRISSCORRELATIONS OF THE GOLD CODES ILLUMINATED BRY A
SPYERICAL WAVEF<ONT, THE COMPUTATIONS ARE CARRIED
NUT FOR DIFFERENT VALUES OF THE CHIRP AS SPECIFIED
oY THE RALIUS OF. CURVATURE OF THE WAVEFRONT AND THE
<]DTH OF THE MASK, THE OUTPUTS ARE ~ORMALIZED RY
FOICING THE AREA UVDER EACH OF THE AUTOCORRELATIOM
PEAK FOR DIFFER=NT VALUES 0OF THE CHIRP TO BE ERUAL
SO0 THAT THE OUTAUTS MAY 9F COMPARED WITH EACH OTHER,
AN ESTIMATE OF THE NOISE TO SIGNAL RATIO IS ALSU
ANE ©Y CALCULATING THE RATIO NF AREA UWDER THE
COIRELATIOM CURVES TN THE AREA OF THE AUTOCORKELATIUN
PEAK,

LIVMENSION A(128),H(2048),T(2048),8(128),C(12%),D(128)
TYDE COHPLEX H,T,CYPLX,CNONJG,C,D0,ARA, RC
CALLPLOTS(O0,N,1)

KEAD THE TWO 123 BIT CODES, CONVEZRT THE VALUES TG

+1 AND =1 TO REPRESENT A PHASE M4SK W]TH 180

JESREES PHASE DIFFERENCE,

READ(S,10)(AC]),121,128) ,L,(R(l),1=1,128)
FORMAT(64F1,0)

O 20 [=44,85
IFCACDY,RT,0) 19,12
A(l)==1

GO 70 20

A(ly=1

CONTINUE
110261=44, 65

r(l)==1

+0T026

rn(l)=1

CONTINUE

THE FOLLOWING DJ LOOP COMPUTES THE AUTOCORRELATION
OF (A) WITH ITS=LF AND CROSSCURRSLATION OF (a) WITH
(BY FUR DIFFERENT VALUES 0OF CHIRP,

LO5u0KK=1,8

JO51=1,2048

"( I)=(p001n00>

T(l)=(0,0,0,0)

“eAD THE RADIUS OF CURVATURE OF THE SPHeRICAL
~AVEFRONT AND TH4E WIDTH OF THE CODE “ASK,
'\EAD(s,B)R,N

FOIMAT(2F6,2)

-0AD THE CODES IN A LAXGER ARRAY SO THAT EACH ELEMENT
IN THE CRIGINAL ARRAY OCCUPIES 16 FLEMENTS IN THE
NEAd ARRAY, THIS 1S NECESSARY TO REPRESENT THE PHASE
VARIATIONS WITHIN EACH ELEMENT WHEN THE CODE '

IS JLLUMINATED 3Y A SPHERICAL WAVEFRONT,
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1'g 30 [=44,85

Ho30J=1,16

T((]=1)*16+J)=CPLX(R(]1),0,0)
H{(]=1)%16+J)2C1PLX(A(]1),0,0?

CALCULATE THE PATH DIFFERENCE AT THE CENTER OF EACH
EL=M=NT RELATIV= TO THE CENTER OF THE ARRAY,

035 1=1,1024

Sz(SART (Rew2+((1=0,5)%nw/2048)#+2)=R)

COMPUTE THE PHASE DIFFERENCE FOR A WAVELENGTH OF
209 NAMNOMETERS,

UeSw(1Nwved) /S

L=D

Us(D=L)»2+#3,1423

CHANGE THE VALU=S OF THE ELEMENTS IN THE COMPLEX ARRAY
10 INCLUDE THE =FFECT OF THE PHASE CHANGE DUE TO
THE CURVATURE OF THE WAVFFRONT, 5
TC1024+1)=T(1023«+])+«CMPLX(COS(D),SIN(D)) K
TC1024=-1)=T(1024=-]1)«CMPLX(COS(D),SInN(D)) ;
M(1024+]1)=H(1024«])*CHPLX(COS(D),SIN(D))
R{1024=-1)=H(1024=1)#CHMPLXCCOS(D),SINCD)Y)

COMPUTE THE AUTD AND THE CROSS-CORRELATIONS,

CALL FOURIER (H)

CALLFOURIER(T)

L0 40 1=1,2048

T(I)=T(1)«COMUG(H(T))

SI)sACI)*CONJUGIH(T))

CALLFOURIER(T)

CaLl FOURIER (H)

COYPUTE THE AVE<SAGE MAGNITUDE OF EVERY 16 ELEMENTS
AND GENVERATE QUTPUT ARKRAYS OF 128 ELEMENTS EACH,

00 12y 1=1,128

Jz(l-1)*10+1

hENES Y )

J0110K=J, M

TUNN=TCJI+T (K1)

H(J)sH(J)Y+H(K+1)

Dely=T(J)

C(l)=sH(J)

CUMPJUTE THE IMAGVITUDE OF THE PEAX OF AUTO-CORRELATION,
xM=0,0

1p1351=1,128

A=ZARS(C(]))

KMsMAXLF (X, XM)

COMPUTE THF ALG=ZRRAIC SUM OF THE ELEMENTIS IN THE
JUTPUT ARRAYS,

ARA=(0,0,0,0)

ART=(U,0,0,0)

00150 1=1,128

ARA=ZARA+C(])

ARZC=ARC+D(])

AA=CABS(ARA)
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AC=sCAuS(AKEC)
COMPJUTE THE NOISE TO SIGYAL RATIO NF AUTOCCRRELATIOw
AND THE CROSSCOSRRELATION FUNCTIONS USING THE PEAK
CF AUTOCNRRELATION AS XEFERENCE,
RAZAA/XMe]
RC=AC/XM
~OIMALIZE THE ValLUBS WI!TH REFERENCE TO THE PEAK OF
aUTOCORRELATION,ALSDO SCALE THE VALUES ACCUORDING TOD THE
wINTH OF THE MASKS WITH HIDTH=3,81 AS REFEREMCE,
THIS ENSURES THAT THF AREZA UNDER THE AUTOCORRELATION
FEAKS FUR MASKS WITH DIFFERENT WIDTHS ARE ALL EQUAL,
30170 I=1,12R
BOIY=DCI)»(99/X 1) * (3, 81/W)
170 C(I)=CCl)*(99/X%)»(TJ,B81/W)
“RITE(%,190)R
190 FOIYAT(5X,21HRADIUS OF WAVEFRONT =,F6,2)
SRITE(6,200)W
200 FORIMAT(5X,21HWIUTH OF CODE MASK = ,Fé6,2)
«RITE(S5,210)XM
210 FORMAT(SX,I1HHEIGHT OF AUTOCORRELATION PEAK=,E9,2//)
“RITE(6,220)AA
220 FORMAT(DX,214AA=AREA OF AUTOCORN ,E9,2)
~RITE(6,230)AC
230 FORAT(5X,214AC=AREA QF CRNSSCORY ,E®,2)
~RITE(K,240)RA
240 FORnAT(5X,
1414WO]JSE TO SIGVAL RATIO OF AUTOCORRELATION=,FB8,2/7)
JFRITE(6,250)RC
250 '-OQHAT(SX'
1314RATIO uF NOISE OF CR0SS CORN TO SIGNAL OF aUTOCORM=,
2F8,.2//)
PLOT THE AUTO AND THE CROSS-CORRSLATIONS, THE WIDTH
CF PLOTS ARE SCaLED ACCOSDING TO THE WIuTH OF EACH
MASK,(AIDTH OF 2LUTS FOR MASK WITH wW=3,81 IS
TAKEN &S 2,56 INCHES AVWD [S USED AS REFERENCE FOR
CO4PUTING THE P_OT SIZE FOR OTHER MASK wlDTHS,)
CALLPLOT(u,C,-2,56+1W/3,81,2)
CALLOLOT(G,0,0,0,2)
203001=1,128
x=CARS5(C(]))
300 CALLPLOT(Xx/100,-1+0,N02¢4/3,31,2)
CALLPLOT(U.Op'4.nn'3)
CALLPLOT(0,0,-2,56eW/3,81,2)
SALLPLOT(O,0,0,0,2)
0o4001=1,128
X=CA3S(L((1))
490 CALLPLOT(X/71N0,=-1+0,02«4/3,81,2)
CALL’LOT(3.00'4.UU.-3)
500 CONTINUE
CALLPLOT(O0,0,0,0,999)
END :

AR et e b Aeaa
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SUIROUTIME FNURIER (R)
JIVMENSIOY M(X),3(512),1InNV(512),8(2048)
TYSE COHMPLEXX,B

LATA(M=11,0,0)

1T=0

N 20 1s1,1024

xz3(1)

()= 3(1+1024)

s(l+1024)=X

COMTINUE

IFCIT.0,1)30,22

CALL HARM (B,M,1MV,S,1,1FERR)
1T=21

50 TO 1U

~ETURN

END
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APPENDIX E
Computer Program to Simulate the Output
of a 1-D Processor Using the Sampled Transfer

Function Approach for Multiplex Holography

bt
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PRIG3aM SPCENIVY

THIS PROGRAM MULTIPLEXES THE TRANSFER FUNCTIONS

UF FAOUR ]MPULSE RESPONSES AND GENERATES A

SINGLE COMPOSIT= ARRAY USING THE SAMPLING

TECHNIQUE IN THZ TRANSFER FUNCTION PLANE.,

THE PROGRAM PLOTS THE INPUTS REPRESENTING THE
IMOULSE RESPONSS AND THEIR RESPECTIVE

TRANSFER FUNCTIOJONS BEFORF AND AFTER SAMPLING,

THS PROGRAM ALSD SIMULATES AND PLOTS THE

PLAY3ACK OF THE IMPULSE RESPONSES WHEN

THE TRANSFER FUNCTIONS ARE ACCESSED (A) INDIVIDUALLY,
(B) SIMULTANFOS.Y,

S1YMENSION A(128),B(128),G(128),H(128),T(128),C(128)
TYPE COMPLEX G,4,T,CMPLX,CONJG, X

CALL PLUTS(0,0,1)

PO100K=1, 4

READ THE IMPLILSZ RESPOVSE,

READ(S,10)(AC(l),1=1,128)

FORMAT(64F1,0)

t02yl=1,128

H(1)=CHAPLX(A(]1),0,0)

GENEZEIATE THE TRANSFER FUNCTION USING THE FAST
FOJHIER TRANSFOIM ROUTINE,

CALL FOURIER (H)

SAYPLE THE TRAMSFER FUNCTION AT AN INTERVAL OF FOUR
ELEMENTS AND LOAD THE SAMPLES IN THE COrPUSITE ARRAY.
LO3u I=K012854

T(l)=H(I])

SCALE THE IWFPULSE RESPONSES TO A MAXIMUM

VALUE OF 99 AND PRINT,

xM=0,0

D 40 1=1,12¢8
ACl)Y=ARS(AC(]))
XMzMAXIFC(ACT)Y, X %)
b0501=1,128
A(I)=A(]1)*99/XM
YRITE(S, 60)CA(L)Y,121,128)
POIMAT(5X,32F3,9)

RITE(R,70)

FUIMATC(/777)

PLIT THE IMPULS= RESPONSE,
CALLPLNT(U,0,~2,56,2)
CALLoLOT(OQOOOQUIZ)

J0301=1,128f
CALLPLOT(A(])/4u,=1%#0,N2,2)
CALLPLOT(0,0,=-4,0,-3)

I3LOT THE MAGNITJDE OF TRANSFER FUNCTION,
00a51=1,128

8(l1)=CABS(H(]))
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XMmzyg,0

u0Yul=1,128

XiazMAXIF(BCI),X")
CALLPLOT(U,0,-2,56,2)
CALLPLOT(0,0,0,U,2)

LQ951=1,128

B(l)=B(l)%2,5/X
CALLPLOT(B(l),=-1%0,02,2)
CALLPLOT(3,0,4,0,=3)

cONTINUE

CALLPLOT(-12,0,0,0,=3)
CALLPLOT(0,0,0,0,999)

CALLPLOTS(0,0,1)

STAULATION OF P_AYBACK,

lig200Kk=1,4

201101=1,128

“(1)=(¢(0,0,0,0)

SAMPLE THE COMPJSITE AQRAY TO RETRIEVE
ALL THE SAMPLES RELOMGING TO A TRANSFER FUNCTION,
PLOT THE MAGNVITJUDES OF THE SAMPLED
TRANSFER FUNCTION,

401¢0]=n,128,4

S(1)=T(1)

NG1301=1,128

r{l)=CABS(G(]))

Xvizu,0

'0140]1=1,128

YiisAXIF(RCT) , X4)
CALLPLOT(0,0,=-2,56,2)
CALLPLOT(O0,0,0,U,2)
CALLPLOT(O0,0,=-Ke01,02,2)

”01501=K012804

n(l)=B(1)*2,5/X"
CALLPLOT(BC([),=|*0,02,2)

CALLPLOT(B(TI) ,=(1+1)%0,02,2)
CALLDLOT(O.O"(1‘1)'0.02.2)
CALLPLOT(0,G,=-(1+4)+0,02,2)
CALLPLOT(G,0,-4,0,~3)

FOURIER THANSFOIM THE SAMPLED TRANSFER FUNCTION,
CALL FOURIER (G)

LT THE OUTPUT REPRESENTING THE PLAYBACK
OF THE SYSTEM WHEN THE TO2ANSFER FUNCTIONS ARE
INDIVIDUALLY ACCESSED,

101601=1,128

n(])=CABS(G(]))

xM=0,0

v01701=1,128

YMsMAXIF(BC(I),X")
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101751=1,128

175 o(1)=B(]1)*08/XM
“RITE(6, 60)(BCL1),121,128)
SRITE(6,70)
CALLPLOT(U,0,=2,56,2)
CALLPLOT(0,0,0,4d02)
L01s0l=1,128

180 CALLPLOT(o(1)/4),=-]s0,02,2)
CALL2LOT(3,0,4,u,-3)

200 CONTINUE
CALL’LOT(-lZ.O.U.O.-3)
CALLPLOT(0U,C,99%)
CALLSLOTS(0,0,1)
PLOT THe tAGNITJUNE OF THE COMPOSITE TRAWNSFER FUNCTION
ARIAY REPRESENTING THE MULTIPLEXED HOLOGRAM,
'p2101=1,128

210 3(1)Y=CABS(T(!))
Xm=0,0
1h02201=1,1248

220 Xp=MAX1IF(B(l), X")
CALLPLOT(O0,8,=-2,56,2)
CALLPLOT((,0,0,u,2)
i02z51=1,128
3(1)=8(1)»2,5/X4

225 CALLPLOT(B(l),~1+0,02,2)
SALLPLOT(U,0,-4,0,-3)
FOUKIER TRANSFOIM THE COMPOSITE ARRAY,
CaLL FOURIER (T)
PLAT THE CQUTPUT REPRESENTING THE PLAYSACK
OF THE SYSTEM WAEN ALL THE TRANSFER FUNCTIOWNS
aRE SIMULTANEQUSLY ACCFSSED,
L02s01=1,128

230 H(1)=CABS(T(I]))

Xi=Q,U

110240[=1,128

XEHzMAXIF(B(I),X4)

J02501=1,128

250 “(1)=E(1)e99/xM
*RITE(6, 60)(B(1),1=1,128)

[ CALL2LOT(0,0,~-2,56,2)

‘ CALLPLOT(0,0,0,0,2)
1rQg2801=1,128

280 CALLPLOT(H(I)/4u,=-1+0,02,2)
CALLOPLOT(0,0,4,0,-3)
CaLL PLOT(0,0,999)
EnD
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SURKIAUTINE FOURILIER (1) .
TH1IS SJBROUTINE CALCULATES THE FOURIER TRANSF(URM
CF AN ARRAY OF 128 ELEMENTS,
THIS PROGRAM ALSO SHIFTS THE ELEMENTS IN THE
ARRAY TO TAKE CARE OF THE FFT ALGORITHM WHICH
ASSUMES THE FIRST FELEMENT AS THE ORIGIN,
IMENSION M(3),35(32),IN8V(32) ,B(128)
? TYPE COMPLEXX,B

EATA(H=700. )

IT=0
10 uUp 20 1=1,64

X=3(1)

H¢[)= B(1+64)

Hel1+64)=X
20 COVNTINUE

IFCITEQ,1)30,2¢

CALL FFT ALGUORI1HM HARM,
22 SALL HARM (B,M,INV,S,1,IFERR)

1T=1

50 TO 10
30 SETUIN
END

QOO0

Q
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APPENDIX F
Computer Program to Generate 2-D Composite
Hologram and the Output of a Processor Using the
Sampled Transfer Function Approach
3
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PRIGRAM SAMPLER

THIS PROGKAM GENVERATES AMD PLOTS THE MULTIPLEXED
TRANSFER FUNCTION HOLOGRAM OF FQUR [MPULSE
RESPONSES USING THE SAMPLING TECHNIQUE IN_THE
FREQUENCY PLANE, THE PROGRAM ALSO SIMULATES AND
PLOTS THE SIMULTANEQUS PLAYBACK JOF ALL THE
TRANSFER FUNCTIJNS,

DIVENSION A(64,54) »8(32) ,C(64)

TYSE COMPLEX A,X,CMPLX ) B

~RITE (6,5)

"FORMAT(///77)

P1=23,1415926535

DQ100K=1,2

10100L=1,2

READ THE IMPIN.S2 RESPONSE,
READ(B,IO)((A(I,J),J=1,64),I=1,64)
FOIMAT(32(C(FL1,u,FL1,0)))

HULTIPLY THE IMPULSE RESPONSE WITH A CHECKERBOARD

»ASK OF +1 AND -1 VALUES, THIS IS DONE TO SPREAD OUT
THE TRANSFER FUNCTIOM MORE EVENLY IN THE FOURIER PLaANE,
{HOWEVER THIS WILL NOT AFFECT THE OUTPUT ORSERVED

AS MAGNITUDE,) -

Np1s 1=1,16

Np1slli=1,4

018 J=1,16

No18JJ=1,4
A(((TIe1)*4«]]),((J=1)wdeJd))=A(((]=1)%4+]11]),
1((J=1)vd+g ) ) u(=2)en(]+J)

JEVERATE THE TRANSFER FUNMCTION,
CALLFQURIER(A)

CONVEKT THE VALJES QOF THE TRANSFER FUNCTION INTO
mASNITUDE AND ANGLE,.

Dgs5ul=1, 64

n050J=1p 64

AM=CABS(ACI,J))

AAZCANG(ACT,J))

[F¢AA)20,30,30

AA=AA+ 2P ]

AL=AM

A(T,J)=CMPLXCAL,AA)

CONTINUE

SAMPLE THE TRANSFER FUNCTION BY SELECTING EVERY
ALTERNATE ELEMENTS IN EACH DIMENSION,

STIRE THE SAMPLZS ON A TaPE,

DoRul=K,54,2

WRITE(3)CACL,J),J=L,64,2)

CONTINUE

RENIND 3
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LENEIATE SAMPLEU COMPOSITE TRANSFER FUNCTION “OLOGRA™,
J0200K=1,2

Joa2yoL=1,2

“0?0"13}(‘64.2

~EAD(3)E

UO?UDJgipsz

ACl,(CU=1)#2+L))=B(J)

CONTINUE

REAIMDS

THZ FOLLOWING DJ LDOP GEMERATES THE MULTIPLEXED
SOLOSRAM PLOT WHEN THE INDEX IS 1 anD SIMULATES
THE SIMULTANEOQUS PLAYBACK OF alLL THE [MPULSE
RESPONSES WHEN INDEX IS 2,

ip700L=1,2

SCALE THE MAGNITUDES OF THE TRANSFER FUNCTION
TO A VALUE OF 1o,

X¥=d,0

Jo250]=1,64

110250J=1,04

XMaMAXIF(RFALCACL, D)), XM)

Lp3onl=1,064

go3uny=1,64

AMz(REALC(A(],J))/7XM)#*15,0

AT, J)=CYPLXTAM, ATMAGTA(T,Jd)))
CALLPLOTS(0,0,1)

PLOT THE ORIENTATION MARKAR,

CALLPLOTY( «0,5,9,0,2 )

CALLPLOTC 0,D,0,0,2 )

CALLPLATC 0,0,=uy,5,2 )

CALLPLOTC 0,0,0,0,2 )

(JALL?LOT(-1.5;0.0;-3)

1"ps0NI=1,64

J0300J=21,64

[F THE PHASE OF THE TRANSFER FUNCTION ELEMENT IS
JETWEEN 0 AND 120 DEGREES RESOLVE THE VALUE INTO
COMPONENTS ALON3 0 AND 120 DEGREES,

A1=0

A2=10

A3=D

AMzREAL(A(],J))

AA=ATIMAGCAC(L,Jd))

IF(AAOLTOZ'PI/3)3300340

N zAMX(COSCAA)+(SIN(AA)/SQRT(3,0)))

AA224P1/73-AA

A2=AM®(COS(AA)+(SIN(AAY/SURT(I,0)))

G0T0370
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caoaa
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340
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360

370
380

390
400
410
420
430

440
450
460

300

600

If THE PHASE OF THE TRANSFER FUNCTION ELEMENT IS
HETWEEY 120 AND 240 DEGREES RESOLVE THE VaALUE

INTO COMPOMENTS ALONG 120 AND 240 DEGREES,
IF(AA.LT.4'P]/3)350,360

AA=AA=2%P] /3

A2=AMWY(COSCAA)+(SIN(AAY/SQRT(3I,0)))

AA=2+P]/3=AA

AZ=AM* (COS(AA)+(SIN(AAY/SQRT(3,0)))

GOTV370

IF THE PHASE OF THE TRANSFER FUNCTION ELEMENT IS
~ETWEEN 240 AND 360 DEGRFES RESOLVE THE VALUE

INTO COMPONENTS ALONG 240 AND 0 DEGREES,
AA=AA=4*P] /3

AJ=AMY(COSCAA)+(SIN(AAY/SQRT(3I,0)))

AA=2#P1/3=-AA

Al=AM*(COSCAA)+(SIN(AAY/SQRT(3,0)))

UANTIZE THE MAGN]ITUDE OF TRANSFER FUNCTION INTO 15
STSPS AND PLOT THE RESOLVED COMPONENTS TO A WIDTH OF
U,05 INCHES AND THE HEIGHT PROPOXRTIOMAL TO THk
“AGNWITULE,

IF(AL,LT,1,0Y404,3R0

~M=Al

C03I90K=1,NM

CALLPLOT(=K»0,01,-0,05,2)

CALLPLOT(-K+0,01,0,0,2)

CALLPLOT(0,0,-0,05,-3)

IF(A2,LT.,1,0)43),410

“MEA2

L0420 K=1,NM

CALLPLOT(-Kw»N,01,=-0,05,2)

CALLPLOT(=K*0,01,0,0,2)

CALLPLOT(U,0,=0,05,«3)

IF(A3,LT,1,0)46),440

Jh:AS

J0450n=1,nNM i
CALLPLOT(-K=0,01,=0,05,2) a
CALLPLOT(=-K«(,01,0,0,2)
MOVE THE PEN TO THE LOCATION OF THE NEXT ELEMENT, 3

CALLPLOT(0,0,=-0,05,=3) |
CONTINUE ;
~OVE THE PEN TO THE BEGINING OF THE NEXT LINE, ,
-3ALL°LOT(-0.15,9.60.-6) {
CONTINUE -

RETURN THE PEN TO THE STARTING POSITION AND REMARK
THE JRIENTATION MARKER, ( THIS WILL CHECK THE TOTAL
CUMULATIVE ERROR IN THE PLOTTER POSITIONAL ACCURACY,)}
CALLPLOT(11,10,0,0,-3)
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CALLPLIOT( 0,0,=0,9,2 )

CALLPLOTC 0,0,0,0,2 )

CALLPLOT( =0,5,0,0,2 )

CALLPLOTC( 0,0,0,0,2 )

IF(L.ED,2)695,653

CONVERT THF MAGVITUDE AND PHASE JF THE TRANSFER
FUNCTION BACK I+TO REAL AND IMAGINARY PARTS,
N06541=1,64

u0bs54 =1, 64

AMz=REALC(A(I,J))

ApSAIMAGCACT, J))

AX=AM*CUSF (AA)

AY=AMxSINF(AR)

A(1,J)=CYPLXCAX,AY)

FOURIER TRANSFO<M THE TRANSFER FUNCTION TO SIMULATE
THE QUTPUT OF THE SYSTEM wHEN ALL THE FUNCT]ONS ARE
SIMULTANEOQUSLY 2LAYED SACK,

CALL FOURIER(A)

CONVEIRT ThE OUTAUT INTO MAGNITUDZ AND PHASE AND
RETJRN TO THE PLJT ROUTINE TO PLOT THE QUTPUT,
0430 1=1,64

Lossd Js=1,64

AMzCABS(ACL,Jd))

AASCANG(ACT,J))

[F(AAY660,680,630

AAzAA+2»P]

A(T,J)=sCMPLX(AM,AA)

CALLPLOT(U,0,999)

CONTINUE
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SU3IROUTINE FOURIER (A)

THIS SUBROUTINE COMPUTES THE FOU2IFR TRANSFORHM

UF A 2-U ARRAY JF 64 X 64 ELEMENTS,

THE OROGRAM ALS) SHIFTS THE QUADRANTS OF THE ARRAY
TO TAKS CARE OF THE FFT ALGORITHM WHICH ASSUMES THE
FIRST ELEMFENT AS THE ORIGIN,

OIMENSIONM A(64,54),]VVv(16),S(16),M(3)
TYPE COMPLEX A,X

DATA(M=6,6,0)

iT=0

IFSET=1

H02yl=1, 3¢

p20J=1, 32

{=za(1,J)

i(l)J)=A‘l*32)J032)

A(1+32,J+32)=X

X=A(1,J+32)

A(T,J+¢32)2A(1+32,J)

A(1+32,J)=X

IFCIT,FU,1)40,3y

CallL THE FAST FJURIER]R TRANSFORM ALGURITh™M HARM,
CaLLY9AM(a,M,]1N),8,1FSET,IFERD
«KITZ(5%,35)IFERR

5 FUIMAT(SX,6RHIFEIR=,13//7/77)

IT=1
LwiT010
RETUIN
enD
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Fabrication of 2-D Phase Masks
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A computer program to plot a 2-D amplitude mask of 127 x
127 elements using a 127 bit Gold code given in Table (2-2)

has been described [20]. Using a mbdified version of this

program a set of nine plots was prépared on a thick bright
white drawing sheet to a size of 3.81" x 3.81" each. A
typical enlarged plot is shown in the Fig. (G-1). These
nine plots were mounted on a white poster board to form a
3 x 3 array with center to center distance between each plot
in either dimension equal to 13 inches. This array of plots
was theh photo-reduced such that the center to center dis-
tance between the plots is equal to 0.3 inches. This dimens-
ion was chosen to match a fly's eye lens array with which
the masks were to be used. After this reduction the size
of each cell in the array is approximately equal to 18
microns. Thus to retain good resolution after photo reduc-
tion, high resolution film plates type Kodak 649F was used.
The exposure details and the procegsing times were as fol-
lows:

Distance between the camera (fitted with a 50 mm lens)
and the plots: 94 inches.

Exposure: 4 secs. (plots illuminated by diffused
daylight in the shadow of a building during bright sunlight).

Develop in D11 solution: 12 minutes.

Rinse in Kodak stop bath: 30 seconds.

Rapid fix with hardener: 5 minutes.

Wash in running water: 20 minutes.




Figure G-1. Typical 127 x 127 element Gold code mask.
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A technique to fabricate phase masks from this binary .
amplitude mask using photo resist solution has been des-

cribed [21]. It was observed that in this method non uni-

form thickness of the coating of the photo resist resulted Q
in variations in the phase difference in different regions

of the plate. An alternative method is to use the photo

sensitive property of gelatin sensitized by a dichromate f
solution. A number of papers have been published describ-

ing the technique of fabricating phase holograms using

dichromated gelatin [22-26]. One such method makes use C
of Kodak 649F plates in the starting step to prepare the

sensitized plates [27]. The advantage of using the 649F

plates is that the glass base of the film plate is already ]
coated with a uniform layer of gelatin and hence the prob-

lem of coating the glass with a uniform gelatin layer is

avoided. The detailed processing procedure is given below: ¢

I. Preparation of plates coated with gelatin.

(1) Fix a 649F plate in rapid fixer with hardener
for 15 minutes. &
(2) Wash in running water for 10 minutes.
(3) Soak in methyl alcohol for 10 minutes with
agitation.
(4) Soak in clean methyl alcohol for 10 minutes

with agitation.

(5) Dry in a vertical position.
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] At the end of these steps we have a clear glass plate
coated with a layer of gelatin on one side.

II. Sensitization of the plate.

(1) Dissolve 10 gms of purified ammonium dich-
romate (Baker brand or equivalent) in 200 cc of dis-
tilled water. Add 0.5 cc of photoflow solution.

(2) Filter the solution.

(3) Place the glass plate with the gelatin
side up in a flat tray and pour the ammonium dich-
romate solution till the plate is completely covered.
Leave it in this position for 5 minutes.

(4) Remove from the solution and place at a
small inclination (approximately 10°) for 3 minutes
; to let the excess solution to flow down. Clean the

edge of the plate with a paper towel.

(5) Place in a light tight box at the same in-
clination as in step 4 above for 24 hours. g
i The steps 3, 4 and 5 have to be carried out under ;
. safelight illumination using red filter. At the end of

these steps we have a sensitized and prehardened plate.

III. Exposure.

(1) Place the sensitized plate and the amplitude
mask such that their emulsion sides are facing each
other.

(2) Expose for 12 minutes under a 500 watts
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tungsten filament photo lamp placed at 13 inches dis-
tance. (Actually several exposures ranging from 4
minutes to 20 minutes are necessary to obtain at

least one mask with the desired phase difference.)

B © LR R T PSR RL LIE

IV. Development.

(1) WwWash in clean running water at 68°F for 10
minutes under safelight illumination using red filter.

(2) Soak with agitation for 2 minutes in a mix-
ture of 50% isopropyl alcohol and 50% water.

(3) Soak with agitation for 10 minutes in 100%
isopropyl alcohol.

(4) Pull the plates out of the alcohol at a
rate of 1 cm/min., simultaneously blowing hot air

directed at the surface for rapid drying.

These steps complete the process and a phase mask is )
obtained. 3

The phase mask thus fabricated was checked in a Mach-
Zehnder interferometer to check the phase difference be-
tween the elements. However in view of the extremely small
size of the cells it is difficult to resolve the fringe

patterns intersecting each cell. Thus a reference mark

of large size was made on the plots and was used as ref-

erence to check the phase difference between the exposed

and the unexposed parts. However because of the following
processing problems, phase masks to the desired accuracy

could not be fabricated.
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(1) Due to the high resolution required during the
fabrication of amplitude masks Kodak 649F plates were used.
But these high resolution plates are not of high contrast
type. This resulted in non uniform contrast in the ampli-
tude mask due to differences in illumination and hence
non uniform exposure of the dichromated gelatin plates.

(2) The sensitivity of the dichromated gelatin plate
is a function of the time lag after sensitization. Thus
exposure time required was different for each trial depend-
ing on this prehardening.

(3) The development process is highly sensitive to
the temperature and the Ph of water [24] and it was not
possible to control these parameters in the existing set
Uf.

(4) The measurement was based on a large reference
mark made on the plot. But due to difference in the con-~
trast of this reference patch with those of the actual
cells it could not be confirmed whether all the cells in
the mask have the same phase difference.

All these problems require further study before a

standard process to obtain repeatable results may be fina-

lized.




